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Abstract 
 
In August 2014, the tailings storage facility of the Mount Polley copper-gold mine 
was breached releasing ~25 million m3 of tailings water and solids into Polley Lake and 
Hazeltine Creek, which scoured local overburden (1.2 million m3), and deposited these 
materials in Quesnel Lake.  This study examined temporal and spatial movements of 
sediment-associated elements in Quesnel River, downstream of the lake, between August 
2014 and August 2015.  Suspended river sediment was collected using active and passive 
samplers (a continuous-flow centrifuge and time-integrated samplers), while discrete bed 
sediment was collected using a re-suspension technique.  Results indicated elevated trace 
element levels, especially copper, with significant differences between element 
concentrations at the upstream site, closer to the breach, compared to downstream sites.  
Contamination indices and comparison to sediment quality guidelines indicated 
contamination was present in the river and varied seasonally predominantly driven by 
Quesnel Lake’s autumnal cooling and overturns.  
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Chapter 1 SEDIMENT-ASSOCIATED CONTAMINANTS 
 
1.1 The problem 
 
In the early morning of August 4, 2014, the tailings storage facility (TSF) of the Mount 
Polley Mine, in central British Columbia, failed.  Imperial Metals, the company that owns 
the mine, estimated that 25 million m3 of TSF materials were released by the dam failure.  
The water and tailings were delivered initially into Polley Lake creating an artificial dam of 
tailings and raising the level of Polley Lake by approximately 2 m.  Hazeltine Creek, the 
outflow channel from Polley Lake, then became the flow path for the erosive flowing waters 
and tailings material which scoured the native surficial material, including soils, vegetation 
and overburden (Figure 1.1).  Some mine tailings and water were deposited and remained in 
the Hazeltine Creek scour zone as the flows receded.  The remainder of the material was 
delivered to Quesnel Lake.   
The total volume of water and debris released from the tailings pond consisted of 10 
million m3 of supernatant water, 7.3 million m3 of tailings, 6.5 million m3 of interstitial 
water and 0.6 million m3 of construction material (Imperial Metals 2016a).  The volume of 
native soil and surficial material scoured from Hazeltine Creek was estimated to be 1.2 
million m3 while 1.6 million m3 of tailings material was deposited along Hazeltine Creek 
and adjacent land.  It was estimated that nearly 19 million m3 of material (water and solids) 
was deposited into Quesnel Lake: 12.8 million m3 of tailings and interstitial water, 1.2 
million m3 of native soil and surficial material from Hazeltine Creek and 4.6 million m3 
overlaying water from the TSF (Golder Associates Ltd. 2015). 
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 Because the TSF contained processed mined rock with known high trace element 
concentrations in materials with small grain sizes, immediate concern was expressed over 
the potential contamination of downstream lake and river environments for both aquatic and 
human health (Baker, Sweeny, and McElroy 2014).  The purpose of this study was to 
examine the trace element concentrations in fluvial sediment in the Quesnel River, 
downstream of Quesnel Lake, after the spill event.  Both suspended and channel bed stored 
sediment samples were collected.  More detailed research objectives can be found later in 
Chapter 1 but prior to this a literature review on fine-grained sediment, sediment-associated 
contaminants in river systems, and the aquatic effects of TSF failures are presented.  
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Figure 1.1: Lower Hazeltine Creek at the Ditch Road looking downstream prior to the 
breach (May 26, 2014, top) and after the breach (Aug 6, 2014, bottom)  
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1.2 Sediment–associated contaminants: a literature review 
1.2.1 Fluvial sediment 
Sediment is an integral part of aquatic systems, originating naturally from the 
weathering of rocks, erosion of soils and channel banks and through mass movements such 
as landslides and debris flows (Walker 2011; Westrich and Förstner 2007).  Sediment is 
composed of a combination of inorganic and organic material that is transported and 
deposited within aquatic systems, and plays an essential role in nutrient cycling.  In addition 
to the natural production of sediment, anthropogenic activities such as agriculture, mining, 
forestry, and dam construction and operations may alter a natural sediment regime.  Along 
with changes in sediment quantity, anthropogenic activities can also modify the quality of 
sediment, increasing the transfer of contaminants within aquatic systems.  Many major and 
trace elements and nutrients are preferentially bound to sediments, particularly the <63 𝜇m 
fraction, and affect sediment quality (Horowitz 1991).  The majority (>90%) of trace 
elements in river systems are transported in association with suspended sediment (Gibbs 
1977; Horowitz 1991; Walling et al. 2003).  Because sediment provides the substrate for 
organisms within river systems and is used as a food source for filter feeders, degradation of 
sediment habitats and increases in sediment-associated contaminant transfers can affect 
aquatic health and ecosystems (Westrich and Förstner 2007).    
The movement of sediment within river (fluvial) systems is complex and spatial and 
temporal differences in transport, deposition and remobilization vary depending on several 
factors such as stream discharge, channel form, watershed terrain, sediment grain size and 
stream erosion (Westrich and Förstner 2007).  These factors also interact to result in both 
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short- and long-term storage within the channel and on floodplains (Walling et al. 2003).  A 
considerable amount of the sediment, and associated nutrients and contaminants, delivered 
into the main stream channel can be deposited and stored within the floodplains or channel 
(Walling et al. 2003).  
 
1.2.2 Trace element cycling in freshwater systems 
Essential trace elements are elements that are required for the biochemical 
functioning of aquatic ecosystems, but above certain levels can interfere with physiological 
processes.  Non-essential trace elements such as cadmium (Cd), lead (Pb), mercury (Hg), 
and silver (Ag) can accumulate in the tissues of aquatic organisms and cause adverse 
biological effects (Eroglu et al. 2015). 
The geochemistry, toxicity and bioavailability of trace elements is influenced by 
speciation, which refers to the various chemical forms an element can have and includes free 
ions, metal-ligand complexes (metal-base) dissolved in solution, sorbed onto solid surfaces, 
or precipitated or co-precipitated with metal solids.  The application of hard and soft (Lewis) 
acid and base (HSAB) theory can be used to explain metal complexation and toxicity 
(Pearson 1963).  For the purpose of geochemistry, the metal cation is a Lewis acid and the 
ligand is a Lewis base. A soft acid refers to a species where its electron cloud is deformable 
and the electrons are easily removed; these soft metals will prefer to form covalent bonds.  
Electrons of hard metals are more difficult to remove and therefore prefer to form ionic 
bonds which are not as strong as covalent bonds (US EPA and ORD 2007).  Very soft acids 
and bases are often toxic due to their strong binding (Volesky 1990).  Hard acids include 
manganese(II) (Mn2+), iron(III) (Fe3+), and arsenic(III) (As3+), soft acids include copper(I) 
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(Cu+), mercury(I) (Hg+) and mercury(II) (Hg2+), and intermediate acids include iron(II) 
(Fe2+), copper(II) (Cu2+) and zinc(II) (Zn2+).  Trace elements can be present in a variety of 
species in both the aqueous and particulate phases.  Within aquatic ecosystems, trace 
elements can associate with different molecules such as water, hydroxide ions (OH-), and 
inorganic and organic molecules.  The movement between various molecules can cause the 
mobilization or immobilization from solid forms on sediment and suspended particles.  
Solid–aqueous interactions of trace elements may occur through adsorption/desorption 
reactions, direct precipitation/dissolution reactions or between direct association with surface 
functional groups.  Additionally, biota can alter the cycling of trace elements and nutrients 
through uptake by assimilation, surface adsorption, methylation, desorption or release by 
mineralization (Mason 2012; Moldan and Černý 1994).  Organometallic compounds can 
have very different toxicities than its inorganic salt (Bunce 1994; US EPA and ORD 2007).  
Organometallic compounds are typically covalent and lie between soft acids and bases.  The 
following sections review some of the main elements associated with mining activities, 
especially those relevant to the Mount Polley incident; for simplicity the term “trace 
elements” is used throughout, recognizing that other major and minor elements (e.g. P) are 
included.  Focus was placed on As, Cu, Fe, Hg, Mn, P, Se, V, and Zn due to: (i) the high 
values present in the tailings storage facility (Table 1.1); (ii) concern from local communities 
or organizations; or (iii) the potential risk to aquatic and human health. 
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Table 1.1: List of substances disposed of on the Mt Polley Mine site: a combination of 
tailings storage as well as other on-site storage locations (Government of Canada 2014) 
Substance 
Quantity in 2013 Quantity between 
2006-2013 
Units 
Antimony  14 58.9* tonnes 
Arsenic 406,122 969,993 kg 
Cadmium  6,487 19,940 kg 
Cobalt  475 990* tonnes 
Copper   18,413 50,766* tonnes 
Lead  177,041 625,322 kg 
Manganese  20,988 41,229* tonnes 
Mercury   3,114 5,197* kg 
Nickel   326 566* tonnes 
Phosphorus (Total) 41,640 80,589* tonnes 
Selenium  46,136 54,296 (2012-2013) kg 
Vanadium**  5,047 10,560* tonnes 
Zinc  2,169 4,016 tonnes 
*2009-2013 
** Except when in an alloy 
1.2.2.1 Arsenic 
 Arsenic (As) is a naturally occurring element that can enter the environment through 
the burning of coal and oil and from mining and smelting operations, particularly copper 
(Bunce 1994).  Organic compounds of As are more toxic than As(V) which is more toxic 
than As(III).  Arsenic(V) is generally the dominant species found in aerobic conditions in 
lakes and rivers, however, seasonal variations in speciation have been found (Baviskar, 
Choudhury, and Mahanta 2015; UN 2001).  Arsenic(III) is formed by the reduction of As(V) 
in sediment (Bunce 1994).  Concentrations of As(V) and As(III) change according to input 
sources, redox conditions and biological activity.  Arsenic(III) can be maintained in oxic 
conditions by biological reduction of As(V) (Baviskar, Choudhury, and Mahanta 2015; UN 
2001). 
 Arsenic is commonly adsorbed to or co-precipitated with iron oxide minerals, 
adsorbed to clay particles, and associated with sulphide minerals or organic carbon.  The 
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greatest concentrations of As minerals occur in mineralized areas and are often associated 
with transition metals, as well as gold (Au), phosphorus (P), cadmium (Cd), Pb, and Ag.  
The most abundant mineral is arsenopyrite, FeAsS (UN 2001).  Since As is often associated 
with other valuable elements, such as Au, mining operations have the potential to increase 
concentrations to receiving environments.  However, dissolved As can be readily scavenged 
or co-precipitated with iron hydroxides and under oxic conditions high concentrations of Fe 
in the mine tailings (if present) may be beneficial at limiting the migration of As elements 
(Azcue et al. 1994). 
1.2.2.2 Copper 
 Copper (Cu) is a trace element that occurs naturally in rock, soil, water, and 
sediment.  The average concentration of Cu in the earth’s crust is 50 ppm (ppm = mg/kg = 
𝜇g/g; ATSDR 2004).  Copper is naturally occurring in all plants and animals and is essential 
for all living organisms at low concentrations.   Copper is extensively mined and used as a 
trace element or alloy in the manufacturing of wire, pipe, and sheet metal.  Copper is also 
used to treat diseased plants (as an herbicide, fungicide and pesticide), in water treatment 
and as a preservative for wood, leather and fabrics (ATSDR 2004).  Copper can enter the 
environment from mining wastes, landfills, wastewater, fertilizer production and natural 
sources such as native soils, exposed bedrock, decaying vegetation, forest fires and dust.  
 When released into the aquatic environment, soluble Cu salts such as Cu(II) sulphate 
and Cu(II) chloride are generally more toxic than the insoluble compounds. However, when 
released into the aquatic environment Cu readily becomes attached to organic material and 
fine particles (especially clays) within a short period of time, and is only moderately soluble 
in water (ATSDR 2004). Copper does not readily break down in the environment and can be 
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found in high concentrations in certain organism such as filter feeders in aquatic 
environments.  Adverse biological effects of Cu on benthic invertebrates include decreased 
diversity, reduced abundance and increased mortality (Canadian Council of Ministers of the 
Environment 1999a).   
In addition to toxicity to invertebrates, Cu can cause fish gills to become frayed and 
lose their ability to regulate salts, which can impact the cardiovascular and nervous systems.    
Copper can also affect the olfactory system of fish by altering the chemical signal and 
disrupting its ability to bind to chemosensory receptors, competing with chemosensory 
binding sites or inhibit the signal being produced from the sensory epithelium to the brain 
(Pyle and Mirza 2007).  This disruption at olfaction sites can affect the fish’s ability to find 
food or avoid predation at concentrations of Cu lower than those known to induce acute 
toxicity (Pyle and Mirza 2007; Solomon 2009).  In addition, fish exposed to Cu have 
demonstrated impaired sex cue perception (Pyle and Mirza 2007).  Thus, Cu can affect the 
behaviour and survival of aquatic organisms such as invertebrates and fish at non-lethal 
levels. 
1.2.2.3 Iron 
 Iron (Fe) is the second most abundant metal on Earth and comprises about 5% of the 
Earth’s crust (Xing and Liu 2011).  Iron has two main oxidation states (Fe2+ and Fe3+), four 
naturally occurring isotopes and forms many common minerals such as pyrite (FeS2), 
magnate (Fe3O4) and hematite (Fe2O3; Lide 2003; Salminen 2005).  Iron is considered to be 
relatively immobile in most environmental conditions due to the low solubility of the 
common precipitated Fe(III) hydroxide.  The solubility is influenced by redox conditions 
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where Fe2+ is more soluble under acidic or reducing conditions.  Anthropogenic sources of 
Fe include the steel industry, mining waste, and fertilizers and herbicides (Salminen 2005). 
 Iron is an essential nutrient for plants and animals as a component of enzymes and 
oxygen-transporting proteins (Salminen 2005; Vuori 1995).  Iron is present in all freshwater 
environments due to its high abundance within the Earth’s crust.  High Fe concentrations can 
affect plants and aquatic animals.  Plants show symptoms of Fe toxicity in the form of root 
flaccidity, reduced root branching, inhibited seedling growth and increased shoot die-back 
(Batty and Younger 2004; Xing and Liu 2011).  Studies on the toxic effects of Fe in aquatic 
environments are limited, however most bioassays attribute the toxicity of Fe to be from the 
inhibition or smothering effect of Fe hydroxide or Fe-humic precipitates on gills or eggs 
(Dalzell and Macfarlane 1999; Vuori 1995; Winterbourn, McDiffett, and Eppley 2000).  
Iron(III) is biologically unavailable except at very low pH and is predominately present as 
insoluble Fe(III) oxides and insoluble Fe(II) sulfides.  Iron(II) sulphides are important in 
terms of acid mine drainage where a decrease in pH causes the oxidation of Fe(II) to Fe(III) 
and simultaneous oxidation of S22- to H2SO4.    
1.2.2.4 Manganese 
 Manganese (Mn) does not naturally occur as a metal but as a component of more 
than 100 minerals such as sulphides, oxides, carbonates, silicates and phosphates.  
Anthropogenic sources of Mn include wastewater, mining processes, steel production and 
fossil fuel combustion.  Concentrations of Mn in soil range between 2.2 and 8620 ppm in 
BC, however, in the Cariboo region concentrations range from 274 to 690 ppm (Reimer 
1988).  Most toxicity tests of Mn have been carried out using elemental Mn and, therefore, 
less is known about particulate Mn.  Manganese can cause Fe deficiency in some algae, 
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which can lead to an inhibition of chlorophyll synthesis.  Manganese can also lead to growth 
inhibition of diatoms and algae (Howe et al. 2004).  
1.2.2.5 Mercury 
 Mercury (Hg) is a metal that is most often found in mineral deposits of mercury 
sulphide, often referred to as cinnabar (Government of Canada 2010).  Cinnabar ore can 
contain 86% Hg, whereas concentrations in granite are approximately 0.2 ppm, while other 
crustal rocks contain approximately 0.1 ppm of Hg.  Mercury can be released naturally into 
water bodies, soils, and the atmosphere through volcanic eruptions and weathering of rocks.  
Despite its toxicity, causing neurological symptoms (e.g. headaches, depression, muscle 
tremors), Hg is still released into the environment in Canada through waste incineration, coal 
combustion and metal smelting (Government of Canada 2010).  The most toxic forms of Hg 
are its lipophilic organic forms, as these short chain alkylmercury forms are able to cross the 
blood-brain barrier (Bunce 1994).  Elemental Hg is mainly hazardous in its vapour form and 
affects the central nervous system, much like alkylmercurials.  Inorganic Hg salts cause 
kidney damage due to the complexation of Hg by the protein metallothionein and 
accumulates in the renal tubules (Bunce 1994).  
 The common form of Hg in aqueous solution is the Hg2+ ion with two oxidation 
states, Hg(I) and Hg(II).  Mercury(I) is only stable as an insoluble salt.  Mercury(II) is a very 
soft Lewis acid that forms stable complexes with Lewis bases such as sulphur. Biological 
methylation in the environment converts inorganic Hg forms to CH3Hg+ and (CH3)2Hg, 
which are more toxic and lipophilic.  Because organic Hg derivatives are lipophilic, they are 
lipid soluble and are able to bioconcentrate (Bunce 1994; US EPA and ORD 2007). 
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1.2.2.6 Selenium 
 Selenium (Se) is a naturally occurring element found in Cretaceous marine 
sedimentary rocks, coal and other fuel deposits.  Selenium is used in glass manufacturing, 
chemicals and pigments, metallurgy and electronic industries (Canadian Council of 
Ministers of the Environment 2009a).  Selenium is considered to be a metalloid, having 
properties of both a metal and non-metal, with oxidation states: selenides (-II), elemental Se 
(0), selenites (+IV), and selenates (+VI) and six natural isotopes (Lide 2003).  Because of the 
large number of oxidation states, Se can be found in numerous compounds in the 
environment such as oxides, hydrides, and metals (Canadian Council of Ministers of the 
Environment 2009a).  The various chemical species of Se have different biological reactivity 
and availability, and chemical and geochemical properties, consequently it is important to 
understand Se speciation and its fate and environmental effects (Beatty and Russo 2014).  
Both selenites and selenates are found in water and sediment.  Selenites are easily sorbed 
onto iron oxide minerals, they are highly mobile and available to plants.  Selenates are 
common in surface waters and are very soluble, and they are not easily biologically 
transformed to more reduced forms.   
While being an essential nutrient for organisms, Se can also be toxic with a narrow 
range between essential and toxic (Beatty and Russo 2014; Mayland 1994).  Aquatic 
organisms are at risk from Se toxicity from the food they consume.  Fish and birds are 
sensitive to Se toxicity as it enters the body through ingestion of algae and other organisms 
such as invertebrates and other fish (Beatty and Russo 2014; Canadian Council of Ministers 
of the Environment 2009a; Canadian Council of Ministers of the Environment 2009b).  
Selenium toxicity affects the growth and survival of juvenile fish and reduces hatching 
success and increases deformities in offspring of exposed female fish and birds. 
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1.2.2.7 Vanadium  
Vanadium (V) occurs naturally as a white-to-grey metal, and is often found as 
crystals.  Vanadium can be found with ore deposits of other metals, and in certain oil and 
coal deposits.  Ash from gas and oil burning can contain more than 10% V.  Vanadium in its 
metallic state is used as an additive to Fe to form stainless steel and as a component in 
superconducting alloys (Tracey, Willsky, and Takeuchi 2007; WHO 1988). 
Vanadium can form many compounds due to its numerous oxidation states (-1 to +5) 
with +2, +3, +4 and +5 being the most common (WHO 1988).  Vanadium(III) to V(V) can 
be found in aqueous solutions and have known biological functions.  Vanadium(V) can 
inhibit or promote the functions of enzymes and V oxides have insulin-mimetic or insulin-
enhancing effects in diabetic animals (Tracey, Willsky, and Takeuchi 2007). 
Vanadium (V) is considered to be highly mobile and chemically reactive.  Vanadium 
(IV) found in mineral complexes is considered immobile but can become mobile in oxidative 
environments converting to V(V). In lakes, V(V) is often complexed with sediment and 
humic acids, settling to lake bottoms and is then exposed to reductive conditions and 
converted to V(IV) which is considerably less immobile.  Lake sediments act as sinks of V 
until sediments are disturbed (Tracey, Willsky, and Takeuchi 2007).  
 
1.2.2.8 Zinc 
 Zinc (Zn) is another trace element that can be toxic to aquatic biota at elevated levels 
and is found in rocks, minerals and carbonate sediments.  Zinc is naturally released into 
water from the weathering of rocks and erosion, however, anthropogenic sources of Zn 
typically exceed natural sources (ATSDR 2005).  Common anthropogenic sources of Zn 
include industrial electroplating, smelting, ore processing and drainage from mining 
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operations (ATSDR 2005).  When Zn is released into aquatic systems it readily binds to 
particles, particularly Fe and Mn oxides and organic matter.  Sediments acts as a route of 
exposure to organisms that live in aquatic bed sediments.  Elevated levels of Zn can decrease 
benthic invertebrate diversity and abundance, and increase mortality.  The toxicity effects of 
Zn can be mitigated by organic matter and sulphides (Canadian Council of Ministers of the 
Environment 1999b).  Inorganic and humic substances increase the bioavailability of Zn and 
mixtures of Zn and Cu are additive in toxicity to some aquatic organisms.  Other additive 
metals to Zn toxicity include Pb and nickel (Ni) (US DoI 1998). 
1.2.3 Phosphorus  
Phosphorus (P) is one of the most widely studied elements in freshwater systems and 
plays a major role in biological metabolism.  However, in freshwater lakes and rivers, P is 
often the growth-limiting nutrient.  If excessive amounts of P are added to water, algae and 
aquatic plants can be produced in large quantities (i.e. eutrophication). When the algae die, 
bacteria decompose the material and consume oxygen, and in these situations dissolved 
oxygen concentrations can drop too low for fish to breathe, leading to fish kills (Correll 
1998; Wetzel 2001).  
Lakes and streams can be classified into trophic states, which are determined by their 
nutrient and productivity levels.  Oligotrophic streams have low primary production and 
eutrophic ones have high primary production.  Phosphorus can be found in particulate or 
dissolved forms (Wetzel 2001).  Particulate P includes P in minerals of rocks and soils where 
P is adsorbed onto inorganic complexes such as clays (Wetzel 2001).  The most significant 
form of inorganic P is orthophosphate (PO43-).  Orthophosphate is readily taken up by plants 
and organisms for cellular metabolism such as cellular respiration and photosynthesis to 
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produce energy that can be used for maintenance, growth, and reproduction.  Because P is an 
essential and limiting nutrient, it is also a primary production driver and thus a food web 
driver, enabling the transfer of organic biomass to higher trophic levels.  As P levels increase 
so do primary producers such as phytoplankton.  The phytoplankton is then grazed upon by 
primary consumers (Wetzel 2001).  
1.2.3.1 In-stream phosphorus cycling 
 
The amount of P entering a stream is typically higher than its outflow because P 
tends to be retained in a river especially under lower flow conditions in the summer (Withers 
and Jarvie 2008).  Phosphorus retention typically occurs due to biogeochemical and physical 
processes, which can remove, transform and transport P downstream.  The retention of P 
allows for biological uptake in addition to buffering potential downstream impacts (Withers 
and Jarvie 2008).  However, P entering streams under high flow conditions may be flushed 
through the stream without undergoing biogeochemical processes.  Jarvie et al. (2002) found 
that under low flow conditions up to 60% of soluble reactive P (SRP) was retained within 
the river system, while SRP retention was variable under high flow conditions and may be 
related to uptake of SRP onto suspended sediments (Jarvie et al. 2002). 
1.3 Historic mine tailings breaches 
 
 The process of metal mining includes: (i) ore extraction from the land, crushing and 
screening which produces waste rock and ore; (ii) subsequent grinding; and (iii) 
concentration of desired metals which produces the desired metal concentrate and waste 
tailings (Macklin et al. 2006).  The tailings consist of finely ground rock, mineral waste and 
may also contain leftover processing chemicals.  The tailings can be stored in tailings ponds 
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(or impoundments) which are essentially large sedimentation lagoons enclosed by dams.  
Breaches or failures to mine tailings storage facilities (TSF) are often catastrophic, impacting 
water and sediment quality, as well as aquatic life in rivers and lakes below the TSF (Azam 
and Li 2010; Kossoff et al. 2014; Rico et al. 2008).   
Generally, TSFs are vulnerable to failure due to unusual weather conditions (e.g. 
increased precipitation), seismic events, poor construction and management, improper 
maintenance of drainage structures and poor long-term monitoring (Azam and Li 2010; Rico 
et al. 2008).  Between 1940 and 2010 there were 214 TSF failures and accidents worldwide; 
since then 11 breaches have occurred (WISE Uranium Project 2016). The distribution of 
historic TSF failures pre-2000 shows a large incidence in North America (36%), Europe 
(26%) and South America (19%) while 60% of the post-2000 incidences occurred in Europe 
and Asia (Azam and Li 2010).  
1.3.1 Impacts of mine waste spills 
 Mining activity increases the amount of sediment, and its associated chemicals, 
available for erosion and transport compared to natural weathering processes by virtue of the 
disruptive activities associated with mining and by exposing metal-rich rocks to atmospheric 
weathering processes.  Breaches of TSFs release large quantities of tailings and associated 
chemicals in a short period of time (i.e. typically instantaneously), in addition to scouring of 
downstream river channels.  The degree of contamination and the long-term impacts on the 
receiving aquatic system depend on four factors: the quality, quantity, and the rate of 
discharge of materials into receiving waters, and the effectiveness of the clean-up (Graf 
1990; Macklin et al. 2006).  A review of historical TSF breaches by Kossoff et al. (2014) 
indicated quantities of tailings released ranged from 100,000 – 7,000,000 m3; all of these are 
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at least three times smaller than the estimated 25,000,000 m3 released by the 2014 Mt Polley 
Mine TSF breach. Recently, there was a larger breach in Brazil in 2015 (Table 1.2). 
Table 1.2: Examples of reported tailings breaches and volume of material released  
Location Date Release (m3) 
Germano mine, Brazil 2015 62,000,000 (Neves et al. 
2016)* 
Buenavista del Cobre mine, Mexico 2014 40,000* 
Mount Polley Mine, Canada 2014 25,000,000* 
Ajkai Timfoldgyar Zrt alumina plant, Hungary 2010 6,000,000-7,000,000** 
Baia Mare and Baia Borsa, Romania 2000 100,000** 
Aznalcóllar, Spain 1988 1,300,000** 
*WISE Uranium Project 2016 
**Kossoff et al. 2014 
 The impacts of chemicals within mine waste on aquatic ecosystems are dependent on 
the quality of the released waste which is determined by the elements within the ore itself 
and any chemicals from the processing of the ore.  The ore can be concentrated using 
flotation and flocculation techniques with organic compounds, leaching with strong acids 
and sodium cyanide or, in the case of some Au mining operations, reacting the metal with 
metallic Hg to form amalgam to aid in gravity separation.  The use of strong acids, Hg and 
cyanide produce toxic waste that can have long lasting effects if released into the 
environment (Macklin et al. 2006). 
 The operations at the Mount Polley Mine include mining and milling to produce 
concentrate which is sent to the port of Vancouver (Imperial Metals 2016b).  The milling 
process utilizes methyl isobutyl carbinol as a flotation agent and xanthates as a binding agent 
during the flotation and flocculation process to produce the concentrate, however, none of 
the mentioned reagents were present in the tailings (sampled by Mount Polley Mine and 
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analyzed by ALS; Mount Polley Mining Corporation 2014).  Acidic chemicals were not used 
to produce the concentrate at the Mount Polley Mine site and the tailings water pH was 
slightly basic (~8.5; Mount Polley Mining Corporation 2014), therefore, the main concern 
for the potential impacts on aquatic life is the contaminant content of the ore and waste.  
 Metal contamination of soils, sediment and water and the physical disturbance of the 
environment, such as soil erosion, are typically the immediate concerns after the breach of a 
TSF.  Long-term concerns include locations with high metal contamination (deposition 
hotspots), concomitant desorption, and therefore increased availability of metals due to 
changing redox conditions (Kossoff et al. 2014). 
1.4 Contamination assessments: standards, indices, and normalization 
  
There are numerous approaches to evaluate the potential contamination of an area 
(e.g. land or river), including: (i) comparing to standards set by government and regulatory 
agencies and bodies; and (ii) utilizing contamination indices, which also includes 
comparisons to “background” or “reference” values.  In Canada, sediment quality guidelines 
(SQGs) are set by the Canadian Council of Ministers of the Environment (CCME; and 
sometimes provincial regulators) for the protection of aquatic life as a means of assessing the 
toxicological significance of sediment-associated contaminants in freshwater, estuarine and 
marine ecosystems.  Ideally, SQGs are developed using dose–response data that detail the 
acute and chronic toxicity of the contaminants to sensitive life stages of aquatic organisms.  
To establish SQGs various other levels of effect are first determined, including: (i) the 
threshold effect level (TEL); (ii) the lowest-observed-effect level (LOEL), and (iii) the 
probable effect level (PEL; Canadian Council of Ministers of the Environment 1995).  The 
SQGs are set, based on relationships between specific sediment properties (such as total 
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organic carbon and particle size), the overlying water column characteristics (such as pH), 
and the observed sediment toxicity.  If the minimum required data are not available, then the 
interim sediment quality guidelines (ISQG) are set (Canadian Council of Ministers of the 
Environment 1995).  Sediment chemical concentrations can be compared to the various 
levels or guidelines set to identify if the aquatic sediment is contaminated and thus likely to 
be a threat to aquatic health.  The TEL for a chemical is calculated using both the effect and 
no-effect data to determine a range of concentrations at which adverse effects are never or 
almost never observed, the LOEL is determined from a chronic study with a nonlethal 
endpoint, and the PEL is determined using the dose–response data and is the level above 
which adverse biological effects are usually or always observed. 
Contamination indices can be used to determine the degree of sediment 
contamination.  Various indices are commonly utilized and include: (i) the contamination 
factor (CF); (ii) the pollution load index (PLI); (iii) the geo-accumulation index (Igeo); and 
(iv) the enrichment factor (EF) and these are presented in Table 1.3 (Hakanson 1980; Ismail 
and Naji 2011; Tomlinson et al. 1980; Varol 2011; Zhuang and Gao 2014). 
  The CF is obtained by dividing the concentration of a trace element in the target 
sediment sample (Cn) by the value of the same trace element in “background” or “reference” 
(i.e. non-impacted) sediment (Cb).  The PLI is determined by taking the 5th root of the five 
highest CFs (Hakanson 1980; Kalender and Uçar 2013; Tomlinson et al. 1980).  The Igeo 
was first used by Muller (1969) to assess sediment contamination where Cn is the 
concentration of the trace element in the target sample, Bn is the geochemical background 
concentration of the trace element in sediments, and 1.5 is the matrix correction factor 
applied to account for lithogenic effects (Sabo, Gani, and Ibrahim 2013).  The EF utilizes a 
linear normalization technique based on a reference trace element, such as Al or Fe, to 
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determine the degree of contamination.  The EF is the product of the concentration of the 
target sample trace element (CM) and the reference trace element lithogenic background 
levels (RB) divided by the product of the reference trace element concentration in the target 
sample (RM) and the concentration of the trace element in the lithogenic background (CB).  
No enrichment indicates that trace elements are most likely from crustal materials or natural 
weathering processes (Zhang et al. 2009).   
For a linear geochemical normalization, such as EF, to be used there should be a 
strong correlation between the normalizer (reference) element and grain size, as well as 
between the target trace element content and the normalizing element.  Additionally, the 
reference element should be: (i) lithogenic; (ii) linked to at least one of the main metal 
carriers within the sediment; and (iii) must not be influenced by anthropogenic inputs.  The 
most common elements used as a reference for normalization are Al and Fe, however, other 
elements may also be used (Acevedo-Figueroa, Jiménez, and Rodríguez-Sierra 2006; Ismail 
and Naji 2011; Sakan et al. 2009; Zhang et al. 2007).  Aluminum is typically used because it 
is one of the most abundant elements on earth and typically is not a concern for 
contamination.  Iron is also often used for normalization because it is associated with fine-
grained surfaces, its geochemistry is similar to various trace elements and its background 
concentration is typically uniform (Acevedo-Figueroa, Jiménez, and Rodríguez-Sierra 2006). 
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Table 1.3: Some indices for the assessment of sediment contamination 
Index Equation Class and degree of 
contamination 
Reference 
CF Cn /Cb* <1 low  
1-3 moderate 
3-6 considerable 
>6 very high 
Hakanson 
1980; 
Kalender and 
Uçar 2013 
PLI CF1×CF2×CF3×…×CF5)1/n >1 pollution exists 
< 1 no pollution 
Tomlinson et 
al. 1980 
Igeo Log2[Cn/1.5Bn] 0 uncontaminated 
0-1 uncontaminated to 
moderate 
1-2 moderate 
2-3 moderate to high 
3-4 high 
4-5 high to very high 
>5 very high 
Muller (1969) 
as cited by 
Sabo, Gani, 
and Ibrahim 
2013 
EF 𝐸𝐹 =
𝐶𝑀 × 𝑅𝐵 
𝑅𝑀 × 𝐶𝐵
 <1 no enrichment 
1-3 minor enrichment 
3-5 moderate 
5-10 moderately severe 
10-25 severe 
25-50 very severe 
>50 extremely severe 
 
Acevedo-
Figueroa, 
Jiménez, and 
Rodríguez-
Sierra 2006; 
Aloupi and 
Angelidis 
2001; Sakan et 
al. 2009 
*See above text for symbols 
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1.5 Research questions and objectives 
1.5.1 Research questions 
Given there was a breach of the Mount Polley Mine TSF on 4th August 2014, and the 
delivery of a huge quantity of contaminated tailings, sediment and water to Quesnel Lake, it 
is essential that the impacts on the aquatic ecosystems of the Quesnel watershed are 
evaluated. This study contributes to this need by focusing on some of the immediate 
chemical effects on Quesnel River. Specifically, there are three research questions: 
1. What are the concentrations of sediment-associated contaminants within the Quesnel 
River associated with the breach of the TSF? 
2. How do these contaminants vary spatially and temporally? 
3. Are these contaminants stored within the Quesnel River channel system? 
1.5.2 Objectives 
Pursuant to the three questions stated above, four research objectives were identified:   
1. Determine the concentrations of sediment-associated contaminants moving through the 
Quesnel River and how these vary spatially and temporally (Research questions 1 and 2). 
2. Determine and characterize other possible sources of contaminants into the Quesnel River 
that could be responsible for changes in contaminant levels (i.e. Cariboo River, Bullion Pit, 
bank erosion; Research questions 1 and 2). 
3. Determine areas of sediment-associated contaminant storage within the Quesnel River 
(i.e. stream bed, flood plain storage) and how they vary spatially and temporally (Research 
question 2 and 3). 
4. Determine the concentrations of contaminants associated with the tailings and fine 
sediment eroded and deposited in other parts of the watershed (i.e. Hazeltine Creek and 
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Quesnel Lake) to provide data to help interpret the results for Quesnel River (Research 
question 1). 
This research investigates some of the short-term impacts (i.e. August 2014 to 
August 2015) and the pattern of sediment-associated contaminants moving into the Quesnel 
River from Quesnel Lake as a result of the breach of the Mount Polley Mine TSF.  If 
contaminants are stored within the Quesnel River, then this may become a longer-term 
concern for the aquatic ecosystem, particularly for the organisms that live in or feed-on the 
sediment.  In addition, this sediment could be remobilized in the future during high-flow 
events and thus may pose a risk to the ecosystem.  Additionally, sediment-associated 
contaminants could potentially move into the Fraser River at its confluence with the Quesnel 
River, at the City of Quesnel, posing a risk to downstream regions of the Fraser River.  
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Chapter 2 STUDY AREA AND METHODS 
 
2.1 The mine and the failure 
 
2.1.1 The failure  
 The TSF breach occurred at the Mount Polley Mine, located in the Quesnel 
watershed near the town of Likely, BC.  The breach resulted in the discharge of tailings and 
supernatant water from the TSF and scoured native surficial material into Polley Lake, down 
Hazeltine Creek and into the west arm of the Quesnel Lake, ̴15 km from Likely (Figure 2.1); 
further details are contained in Section 1.1.  The immediate concern after the breach was the 
potential hazard of scoured trees damming at the Likely bridge and effects of the discharged 
water and tailings on drinking water quality.  Intermediate and longer-term concerns include 
the effects of the tailings and scoured material – and in particular the trace element content 
of this material – on the aquatic and terrestrial ecosystems in the watershed.  
 
Figure 2.1: Satellite image of the Mount Polley Mine site on July 29, 2014 (left) and 
after the TSF breach on August 5, 2014 (right; NASA 2014)  
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2.1.2 Mount Polley Mine 
Mount Polley Mine is an open pit Cu-Ag mine situated between two lakes, Bootjack 
Lake and Polley Lake, and encompasses 19,601 hectares.  The Mount Polley Mine consists 
of an alkalic porphyry Cu-Ag deposit.  It lies within Quesnellia on the eastern margin of the 
Intermontane Belt, which is characterized by a Middle Triassic to Early Jurassic assemblage 
of volcanic, sedimentary and plutonic rocks (Fraser et al. 1993).  Quesnellia contains several 
porphyry Cu deposits such as Highland Valley, Copper Mountain, Afton-Ajax, and Mount 
Milligan (Imperial Metals Corporation - Mount Polley n.d.).  A diorite intrusion forms the 
hills between Polley and Bootjack Lakes where Mount Polley Mine is located (Fraser et al. 
1993).  Mount Polley Mine production started in 1997, operation halted in 2001 due to low 
ore prices and resumed operation in 2005 until the TSF breach in 2014.  Ore is crushed on 
the mine site and processed with selective flotation to produce a concentrate of Cu and Au.  
2.2 The Quesnel Watershed 
 
The Quesnel River is located in BC in the Cariboo Mountains, and drains Quesnel 
Lake and watershed (Figure 2.2). The Quesnel River has a drainage area of 11,730 km2 and 
flows for  ̴100 km from Quesnel Lake, starting near the community of Likely, and joining 
the Fraser River at the city of Quesnel (Pedersen 1998).  The Quesnel River is a fifth order 
stream with mean discharges, measured (1924 - 2010) at the town of Likely (beginning of 
the river) and at the city of Quesnel (confluence with the Fraser River), of 128 m3 s-1 and 238 
m3 s-1, respectively (Environment Canada 2011; Pedersen 1998). 
The beginning of the Quesnel River is located in an Interior-Cedar-Hemlock zone 
(ICH mk) and according to the Biogeoclimatic Ecosystem Classification (BEC) system is 
characterized by a mean annual temperature of 4.2 C and mean annual precipitation of 722 
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mm, with 166 frost-free days.  The majority of the river, downstream of the confluence of 
the Cariboo River, is located in the Sub-Boreal-Spruce zone (SBS mh) which is 
characterized by a mean annual temperature of 4.6 C, mean annual precipitation of 559 
mm, and has a frost-free period of 179 days.  The town of Likely has a population of about 
350 people, and while historic and current mining, forestry and agricultural operations occur 
within the watershed, it is considered to be a relatively pristine area with low population 
density. 
 
Figure 2.2: Map of study area and locations of sampling sites 
Quesnel Lake and Quesnel River support a large population of anadromous and 
resident fish which are important for recreational, commercial and First Nations fisheries.  
The Mitchell River (at the end of the North Arm) and Horsefly River feed into Quesnel Lake 
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and are the most important spawning systems for salmon and trout.  The lake is a major 
salmon nursery system for the Fraser watershed and the Quesnel River provides additional 
spawning grounds (Sebastian et al. 2003).  
Quesnel Lake is shaped like a ‘Y’ on its side and is commonly broken up into three 
sections: (1) the West Arm; (2) the North Arm and; (3) the East Arm.  Quesnel Lake has a 
surface area of 266 km2, with an east-west span of 81 km and north-south span of 36 km.  
Quesnel Lake has a mean depth of 157 m and a maximum depth of 511 m.  The breach 
material entered Quesnel Lake in the West Basin which is a portion of the West Arm that is 
separated from the main basin by a shallow sill of 35 m depth (Laval et al. 2008; Laval et al. 
2012). 
Quesnel Lake is a dimictic lake, experiencing lake mixing, overturn, due to 
isothermal conditions twice a year.  During summer and winter months the lake is stratified 
based on the density of different layers as a result of temperature differences (Laval et al. 
2012).  When ambient air temperatures cool in the fall, the warmer top layer (epilimnion) 
begins to cool, deepening the epilimnion initiating the de-stratification of the lake.  When the 
full water column become isothermal the lake has become completely de-stratified and all 
depths can mix.  The West Basin is shallower than the East Arm and therefore experiences 
overturn at different times (Laval et al. 2012).  The epilimnetic layer cools and deepens as 
early as October/November and the West Basin becomes isothermal late December/ early 
January (Laval et al. 2012).  Following isothermal conditions, the West Basin continues to 
cool as the surface generally freezes and the water column becomes inversely stratified.  
Waters begin to warm and again become isothermal March/April, when the second, spring 
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overturn begins.  Fall overturn is stronger than the spring overturn, allowing more mixing to 
occur during the fall (Laval et al. 2012). 
In addition to lake overturn, Quesnel Lake also experiences upwelling in the West 
Basin.  This upwelling of cold hypolimnetic water can be a result of a weak thermal 
stratification and strong winds resulting in a seiche.  The upwelling results in the colder 
hypolimnetic water being ejected into the Quesnel River and temperature drops as much as  
5 ºC in the river water have been observed (Laval et al. 2008).  Both overturn and upwelling 
events will help determine how sediment and contaminants are stored in the lake and aid in 
the interpretation of the timing and release of contaminants into the Quesnel River. 
2.3 Methodology 
2.3.1 Field sampling 
 This study will focus on the transport and deposition of fine-grained sediment and 
associated elements (i.e. metals/metalloids and phosphorus) in the Quesnel River, with 
specific attention to the actively transported suspended sediment and the fine sediment 
recently trapped by and/or deposited on the channel bed.  In order to address research 
objectives 1, 2 and 3, three sites on the Quesnel River were chosen based on location and 
accessibility (see Figure 2.2).  The first site (Q1) is located near the town of Likely at the 
Quesnel River Research Center (QRRC), the second site (Q2) is located ~ 9 km downstream 
of the confluence of the Cariboo River and therefore incorporates the flows from the 
historical Bullion Pit mine (mining ceased in 1942), and the farthest site (Q3) from the 
breach was located ~ 28 km upstream of the city of Quesnel to eliminate possible sources of 
contamination associated with the city.  Pre-breach sampling at sites Q1 and Q3 was 
undertaken in 2008 by Smith and Owens (2014a) as part of another study (Smith 2012) 
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which allows for pre- and post-breach comparisons.  There were also two secondary sites 
located on Hazeltine Creek at the two bridge access points; these two sites were chosen 
because (i) they helped to address objective 4; and (ii) samples were collected pre-breach at 
these locations by Smith (2012) allowing for comparisons in sediment quality prior to the 
breach. 
 A fourth main site, C1, was located on the Cariboo River for two purposes: (i) the 
site acted as a reference as it was not impacted by the breach of the mine TSF; and (ii) to 
determine the sediment and associated trace elements contributions from Cariboo River 
which is the main tributary to the Quesnel River (objective 2).  Site C1 was sampled every 
14 days for suspended and bed sediment material (January 2015-August 2015), however, 
due to the low sample mass collected by the time-integrated sampler, samples were 
combined and each composite represented 1 month of suspended sediment. 
2.3.1.1 Suspended Sediment  
The transport of fine-grained sediment (<63 𝜇m) is an important process regulating 
the conveyance of organic and mineral particles as well as sediment-bound contaminants 
throughout a watershed.  These sediment-bound contaminants are more likely to be 
associated with the fine-grained sediment as opposed to larger grains due to the increased 
specific surface area associated with finer-grained particles (Horowitz 1991; Phillips, 
Russell, and Walling 2000).  Effective sampling methods to obtain representative samples of 
sediment in terms of particle size and geochemistry can be difficult and time consuming.  
Samplers designed by Phillips, Russell and Walling (2000) collect continuous bulk samples 
of fine suspended sediment through the principles of sedimentation and Stokes’ Law.  The 
samplers are designed for in situ deployment within fluvial systems for the collection of 
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time-integrated samples during the period of deployment (Figure 2.3).  The time-integrated 
samplers collect sediment representative of the transported material that can be utilized for 
property analysis such as particle size and trace element content. 
 
Figure 2.3: Time-integrated sediment sampler deployed in the Quesnel River where stream 
flow direction is left to right. 
Sampler Design  
 The sediment sampler was simple in design, and followed the protocols of Smith and 
Owens (2014b).  Samplers were constructed of 1m lengths of 98 mm inner diameter 
polyvinylchloride (PVC) piping and sealed with threaded caps (Figure 2.3).  A small hole 
was made in the inlet and outlet caps to allow the installation of 4 mm tubing.  The sampler 
was secured into the stream bed using steel rods and positioned at 0.6 of the mean water 
depth.  The reduction in velocity from the inlet into the main cylinder was ~ 600x (Phillips, 
Russell and Walling, 2000; Smith and Owens 2014b).  The sampler is not isokinetic, as the 
inlet velocity is less than the ambient flow velocity due to frictional losses and inertial forces 
within the inlet tube (Phillips, Russell and Walling, 2000).  The loss of velocity can cause 
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oversampling of coarse particles.  Reviews of the use and representativeness of the time-
integrated sampler can be found in McDonald, Lamoureux and Warburton (2010), Perks, 
Warburton and Bracken (2014), Russell and Walling (2000), and Smith and Owens (2014b) 
To determine the quality of the suspended sediment moving through the Quesnel 
River, time-integrated sediment samplers were deployed at the four river sites over a 14-day 
period (i.e. Q1-Q3; Figure 2.2) from August 2014 to August 2015 with the exception of C1 
which was sampled January 2015 to August 2015.  Three time-integrated samplers were 
deployed at each of Q1 and Q3, however due to the rocky stream bed only two samplers 
were deployed at Q2 and one at C1.  After the samplers were retrieved and emptied, the 
water–sediment mixture was settled in cool, dark conditions for a minimum of 1 day and a 
maximum of 3 days.  The supernatant water was then removed from the settled sediment by 
siphoning off the water and centrifuging the remaining water–sediment mixture.  The 
remaining sediment sample was sub-sampled to measure particle size composition, and 
inorganic and organic material content, and the remainder was stored frozen for subsequent 
geochemical analysis.  Samples set aside for particle size analysis were stored at 4C in a 
refrigerator.  
Representativeness of sampled suspended sediment  
Mean flow velocity readings for both the Q1 and Q3 site locations were measured at 
the inlet of the time-integrated sampler using a current meter (model 2100, Swoffer 
Instruments Inc, WA, USA) and were recorded as 0.76 m/s and 1.05 m/s, respectively; it 
should be noted that these time-integrated samplers are located close to the shore and not in 
the main stream flow (i.e. thalweg).  The stream velocities observed at Q1 and Q3 were 
higher than the range (0.3-0.6 m/s) examined by Phillips, Russell and Walling (2000) but fell 
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within the range (0.02-2.71 m/s) examined by McDonald, Lamoureux and Warburton 
(2010).  The faster stream velocities would most likely enhance the preferential selection of 
larger particles described by McDonald, Lamoureux and Warburton (2010) and would not be 
sufficiently slow to allow for settling of the small silts and clay-sized particles.  However, as 
a large proportion of very fine inorganic materials are transported in rivers within larger, 
composite particles (Petticrew and Droppo, 2000) it is expected that much of the smaller-
sized particles settled within the main chamber as larger flocs, as demonstrated by Phillips, 
Russell and Walling (2000). 
In addition to the time-integrated samplers, a continuous-flow centrifuge (CFC; US 
M-512, US centrifuge systems, Manlius, NY, USA) was used to collect suspended sediment 
samples at Q1 over an ~8-hour period from November 2014 to August 2015.  This provided 
the opportunity to compare the efficacy and representativeness of the time-integrated 
samplers and the channel bed sediment re-suspension method (see section 2.3.1.2) with 
those sediment samples collected with the CFC.  The CFC used a submersible pump to move 
water from the river to the centrifuge bowl.  The pump was placed into a large plastic 
container with an open top on the stream bed and submerged.  The container prevented 
sediment from the stream bed from being suctioned while still allowing stream water and 
suspended sediment to be drawn into the CFC.  After being deployed for up to 8-hours the 
sediment from the CFC bowl was collected and frozen for subsequent analysis. 
2.3.1.2 Channel bed sediment 
 
To assess the quality and quantity of sediment-associated contaminants stored on the 
channel bed (i.e. research objectives 1 and 3, respectively), re-suspensions of the channel 
bed sediment were undertaken at three sites along the Quesnel River (Q1-Q3).  Samples 
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were collected weekly from August 2014 to December 2014 and every two weeks from 
January 2015 to August 2015, with the exception of Q2 for which samples were not 
collected over the snow-covered period due to restricted access.  The re-suspensions were 
undertaken in triplicate at each site using a method adapted from Lambert and Walling 
(1988).  A non-metallic cylinder was inserted into the channel bed and rotated into the gravel 
to obtain a seal which separates the water in the cylinder from the external river water.  The 
depth of water contained in the cylinder was recorded (n = 4) and then the top 10 cm of the 
channel bed contained within the cylinder (surface area = 0.126 m2) was mixed using a 
stainless-steel trowel (Lambert and Walling 1988), thereby re-suspending the fine sediments 
contained in the upper layer of the channel bed.  The contained water and re-suspended 
sediment were collected into 20 L buckets and transported to the laboratory for further 
processing.  A representative sub-sample of the collected water–sediment mixture was taken 
to determine the sediment concentration and the percentage of organic and inorganic 
material.  The water–sediment mixture was processed to concentrate the sediment particles 
in the same manner as the suspended sediment samples described above (section 2.3.1.1).  
This sediment sample was mixed to allow representative sub-sampling for particle size 
analysis and the remainder was stored frozen for geochemical analysis.  Samples set aside 
for particle size analysis were stored at 4C in the refrigerator.  
The amount of trace elements stored in the sediment on the channel bed was 
determined using: (i) the concentration (SC) of sediment in the water–sediment mixture 
[mg/L]; (ii) volume (V) of the water contained within the re-suspension apparatus [L]; and 
(iii) the analyzed trace element concentration (C) [ppm].  The volume of the water was 
determined by the using the equation for a truncated cone (Equation 1), where r1 was the 
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lower radius of the cone (0.20 m), r2 was the upper radius (0.24 m) and A was the bottom 
area.   
The general equation for the volume of the re-suspension apparatus was determined below: 
(Equation 1)              V =
1
3
π(r1
2 + r1r2 + r2
2)h    
(Equation 2)                                           V = 0.1524.7h [m3]                                     
Volume conversion from m3 into L: 
(Equation 3)                                           V [L] = 0.1525h
1000L
1m3
                            
(Equation 4)                                              V = 152.5h [L]                                       
The area of the stream bed sampled was determined by the area of the bottom of the re-
suspension apparatus: 
(Equation 5)                 A = πr2 = 0.1256 m2 
The concentration of the trace element [mg of element/kg of sediment] was 
multiplied by the sediment concentration of the collected water mixture to determine the 
amount of trace element in the volume of collected water [mg of element/L]; unit conversion 
was applied from mg of sediment to kg of sediment collected.  The product was then 
multiplied by the volume of water contained within the re-suspension apparatus (Equation 4) 
to give total trace element present [mg].  The product of Equation 4 was then divided by the 
area sampled (Equation 5) to give the amount of trace element stored on the stream bed per 
area [mg/m2]; the complete equation is given in in Equation 6.   
(Equation 6)            Mass trace element/unit area= 
C×SC×
1kg
1,000,000mg
×V
A
 [mg/m2]  
It should be noted that the concentration of trace elements was determined on the less 
than 180 𝜇m fraction while sediment concentrations were determined for the bulk sample 
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collected which may cause an over estimation of stored trace elements for samples with a 
significant mass of sediment >180 𝜇m (i.e. the inclusion of some inert particles). 
2.3.1.3 Channel bank and floodplain sediment 
To determine the potential sources of additional sediment and associated 
contaminants (Objective 2), bank sampling was undertaken on the Quesnel River between 
the confluence of the Cariboo River and Q3 at seven locations.  These point samples were 
collected by sub-sampling the height of the bank at 1m intervals or where there was an 
obvious change in soil/sediment type using a stainless-steel trowel.  In addition to being a 
potential source of sediment, these samples were also used to help determine the 
background/reference trace element concentrations for the Quesnel River. 
 To determine if there was an increase in trace element storage on the floodplains 
following the breach (Objective 3), sediment from the floodplains at Q2 and Q3 were 
obtained by collecting 10 cm x 10 cm composite scraping samples of the surface (top 2 cm) 
material using a stainless steel spatula at three locations within each site both in the fall of 
2014 and 2015.  Both the channel bank and floodplain samples underwent trace element 
analysis as described in section 2.3.2. 
2.3.2 Geochemical laboratory procedures 
For geochemical analysis, samples were subsampled and sent to ALS Laboratories in 
Vancouver which was selected as it was used by several of the other agencies (e.g. BC 
Ministry of the Environment) involved with assessing the environmental impacts of the 
Mount Polley Mine TSF breach, thereby enabling comparisons between datasets.  Samples 
were coded to remove bias and, when present in sufficient mass (2% of samples), multiple 
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subsamples were sent under different identification codes to verify the subsampling 
technique and accuracy of the analysis.  At the ALS laboratory, samples were dried at <60°C 
over night and sieved using a non-metallic <180 𝜇m sieve.  Samples were then analyzed for 
trace elements using aqua regia digestion followed by ICP-MS and ICP-AES at ALS and 
results represent the leachable portion of the trace elements associated with the sediment.  In 
addition to total trace element concentration, a selection of samples was sent to ALS for a 
sequential extraction to determine potential bioavailability using the Tessier Extraction 
Method (Table 2.1).  Prior to analysis, ALS homogenized the samples, which were dried at 
<60°C, and sieved through a 2 mm (10 mesh) sieve.  The Tessier et al. (1979) method uses: 
(i) a MgCl2 leach to determine exchangeable trace elements; (ii) a sodium acetate leach for 
carbonates; (iii) a hot hydroxylamine leach for Fe- and Mn-bound elements; and (iv) a nitric 
acid leach to determine elements bound by organic matter; further explanation of each 
fraction is given below.  Geochemical analysis was then completed on the aqueous extract 
by ICP-MS. 
Table 2.1: Tessier metal extraction method (Tessier, Campbell, and Bisson 1979) 
Fraction Solution 
Exchangeable 1M MgCl2 (pH 7)  
Carbonates 1M NaOAc (pH 5) 
Easily Reducible Metals and Iron Oxides 0.01M NH2OH/HCl in 25% (v/v) HOAc  
Organic Bound 0.02M HNO3+ 3.2M C2H3O2NH4 
Residual 50/50 mix of 1:1 HNO3 and 1:1 HCl 
digestion at 95C 
 
 
 
 
 
Chapter 2 Study area and methods 
 
37 
The Exchangeable Fraction 
 
This fraction includes weakly adsorbed trace elements retained on the solid surface 
by relatively weak electrostatic interactions; these trace elements can be released by ion-
exchange processes.  The most accessible and exchangeable trace element ions are readily 
released into the environment after a change of ionic composition of water or as a result of a 
shift of adsorption equilibrium in the system (Filgueiras, Lavilla, and Bendicho 2002; Okoro 
et al. 2012; Tessier, Campbell, and Bisson 1979).  
The Carbonate Fraction  
 
This fraction contains the trace elements that are precipitated or co-precipitated with 
carbonate. Carbonate can be an important adsorbent for many trace elements when organic 
matter and Fe–Mn oxides are less abundant in the aquatic system.  The carbonate form is a 
loosely bound phase and changes with environmental conditions, such as pH. 
The Reducible Fraction 
This fraction contains trace elements bound to hydrous oxides of Mn and Fe, which 
are ‘sinks’ for heavy trace elements. These oxides occur in large proportions in soils and 
sediments and are thermo-dynamically unstable under anoxic circumstances and are utilized 
by benthic organisms. Reduction of Fe(III) and Mn(IV) under anoxic conditions, could 
release adsorbed trace elements.  
The Organic Fraction  
 
This fraction contains trace elements that are temporarily inaccessible. Trace 
elements may be associated through complexation or bioaccumulation processes with 
various forms of organic material such as living organisms, detritus or coatings on mineral 
particles.  Trace elements associated with oxidizable phases have longer retention periods 
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but may be mobilized by decomposition processes. Degradation of organic matter under 
oxidizing conditions can lead to a release of soluble trace elements. The organic fraction 
released in this step is not considered very mobile or available since it is thought to be 
associated with stable high molecular-weight humic substances. 
The Residual Fraction  
 
This fraction predominantly includes mainly trace elements built in the crystal lattice 
of minerals. In natural conditions, they are practically inaccessible for living organisms and 
can be treated as permanently immobile (Filgueiras, Lavilla, and Bendicho 2002; Okoro et 
al. 2012; Tessier, Campbell, and Bisson 1979).  Based on the definitions above, the fractions 
that are readily bioavailable to organisms include the exchangeable fraction and the bound to 
carbonate fraction in well oxygenated environments. 
Phosphorus extraction 
The sequential extraction of P using the Tessier method was only completed for the 
first three extractions.  Further extraction was undertaken on replicate samples at the 
University of Northern British Columbia (UNBC) to determine P fractions using a modified 
Williams method for the Standards Measurements and Testing Program of the European 
Commission (SMT: Ruban et al. 1999).  
 The SMT method included: (i) NaOH-extractable P representing the iron-bound P 
that was bioavailable, also termed non-apatite inorganic P (NAIP); (ii) HCl-extractable P 
representing the calcium-bound P that was not bioavailable, also termed apatite P (AP); (iii) 
inorganic P (IP); and (iv) organic P (OP).  Each fraction was analyzed using the ascorbic 
acid method which is a colourimetric method of analysis measuring the absorbance at 880 
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nm with a cell path length of 0.5 cm or longer (Apha, AWWA, and Wef 2012).  For further 
details on the SMT method and the ascorbic acid method see Appendix A. 
Specific sediment analysis 
In addition to trace elements analysis, samples were analyzed for absolute particle 
size composition, percent fixed and volatile mass.  To determine absolute particle size 
composition, the organic matter was removed by hydrogen peroxide digestion.  All particle 
size analysis (PSA) was undertaken using a Malvern Multisizer Hydro 3000G (Malvern, 
UK) assuming non-spherical milled particles with a refractive index of 1.544, an absorption 
index of 1 and a density of 2.65 g cm-3.  The particle dispersant used was water with a 
refractive index of 1.33.  The values reported were D50 (the size at which 50% of particles 
are smaller and 50% are larger) and the specific surface area (SSA: the total surface area of 
particles divided by the total weight, calculated within the Malvern program assuming the 
particles are spherical and non-porous).  The percent fixed and volatile mass was 
representative of the percent inorganic and organic matter content and was determined by 
loss-on-ignition (LOI) using a muffle furnace at 550 ̊C.  
2.3.3 Statistical analysis 
The data were visualized on R version 3.3.1 using ggplot2 utilizing a locally 
weighted scatterplot smoothing (LOESS).  The LOESS smoothing function is a non-
parametric locally weighted regression producing a line of fit using the nearest neighbour 
approach where the fit is made using points in the neighbourhood of x (R Core Team 2016; 
Wickham 2009).  Null hypotheses were rejected at an alpha (𝛼) level of 0.05. 
The data were separated by the hydrological calendar and the timing of the breach 
event: post-event period (August 4 - September 30, 2014), fall (October 1 - December 31, 
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2014), winter (January 1 - March 31, 2015), spring (April 1 - June 30, 2015), and summer 
(July 1 - August 15, 2015; end of sampling period).  Figure 2.4 shows the Quesnel River 
hydrograph for the period of study and identifies the five sampling periods.   
 
Figure 2.4: Quesnel River hydrograph from Likely, BC, station for August 15, 2014 - 
August 15, 2015 showing seasons (data obtained from Water Survey of Canada 2015) 
Response variables were averaged for each sampling day and log- and Box-Cox- 
transformed when necessary to meet the assumptions of parametric tests.  Trace element 
concentrations were analyzed utilizing a two-way analysis of variance (ANOVA) using 
season and site as fixed effects (H01).  A significant site × season interaction indicated that 
there was a different temporal trend for that site over the sampling period.   
 
H01: There is no difference in trace element concentrations between the three sites (i.e., Q1, 
Q2, and Q3) over the seasons. 
H01B: There is no difference in trace element concentrations between Q1 closest to the 
breach and downstream sites. 
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Visualization of sites Q2 and Q3 showed little difference in the trace element 
concentration data between the two sites and therefore only Q3 was used for analysis as Q2 
was not sampled over the snow period.  Utilizing Q3 allowed for a decrease in the number of 
interactions needed to be analyzed (H01B).  Interactions were then used to describe the 
difference between Q1 and the downstream site for each season.  If an interaction term was 
significant, independent orthogonal contrasts were used to compare the average of Q1 and 
Q3, as well as to compare each season with the average remaining seasons within each site 
using a reverse Helmert contrast (for matrix see Table B.1; Crawley 2012).  If there was not 
a significant interaction term, then the main effects were used to compare Q1 and Q3 with 
post-hoc analysis with Tukey’s test and Holm’s p-value correction to compare differences 
between seasons. 
The relationship between the two main methods employed (re-suspension and time-
integrated samplers) was assessed using Spearman’s rank correlation on the non-transformed 
non-normal data for particle size and organic matter content (H02). 
H02: There is no relationship between the different methods used to collect sediment based 
on the trace element concentrations at Q1. 
 
The triplicate samples of the re-suspended sediment collected at each of the four 
locations (i.e. Q1-Q3 and C1) over the sampling period are considered to be 
pseudoreplicates. 
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Chapter 3 SEDIMENT-ASSOCIATED CONTAMINANT CONCENTRATIONS 
3.1 Total trace elements concentrations 
  
The collected sediment samples were prepared using an aqua regia digestion and analyzed 
using inductively coupled plasma-atomic emission spectrometry and mass spectrometry (ICP-
AES and MS).  This analysis provided values for 51 elements, however, some elements were 
under the detection limit in the majority of samples and therefore were not considered for further 
discussion.  These elements include: Au, B, Bi, Ce, Co, Ga, Ge, Hf, In, La, Rb, Re, Sc, Ta, Te, 
and Th.  As mentioned earlier, emphasis was placed on As, Cu, Fe, Hg, Mn, P, Se, V, and Zn due 
to: (i) the high values present in the tailings storage facility; (ii) the potential risk to aquatic and 
human health; or (iii) concern from local communities or organizations.  The trace element plots 
for the remaining elements are shown in Figure B.1 and Figure B.2 (Appendix B).  Elements with 
values that occasionally were below the detection limit were treated by dividing the detection 
limit by two to provide a data value (Croghan and Egeghy 2003; Helsel 1990). 
3.1.1 Comparisons between the different sampling methods 
A comparison of the sediment-associated trace element content of the three sampling 
methods used in this study (i.e. suspended sediment collected using the time-integrated samplers 
and the continuous flow centrifuge, and re-suspended fine-grained channel bed sediment) is 
shown in Figure 3.1 and Table 3.1.  The differences in concentrations reflect the distinctiveness 
of each sampler as the time interval over which the different sample types were collected differed 
and the samplers collect different components of the river sediment.   
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The CFC collects suspended sediment moving in the river over a discreet time interval 
(up to 8 hrs) on a specific date, and while the re-suspension method may have been undertaken 
on the same date as the CFC it reflects the fine-grained sediment trapped and stored in the river 
bed gravels which accumulated over a longer period.  The time-integrated sampler collects 
suspended sediment over weekly periods, and sometimes longer, depending on the concentration 
moving in the river.  These three separate measures of riverine fine sediment allow some 
comparisons of trace element content but are not expected to be identical.  Two major differences 
in the composition of the sediment collected by the samplers that influence the trace element 
concentration are particle size composition and organic matter content.  The time-integrated 
sampler and the re-suspension method collected sediment with a mean SSA of 756.6 ± 21.7 m2 
kg-1 and 486.4 ± 12.7 m2 kg-1, respectively; i.e. the re-suspended channel bed sediment was 
coarser (Table 3.2 and Figure 3.2).  Particle size and percent organic material were not available 
for CFC samples.  The Spearman’s rank correlation for the time-integrated and re-suspension 
particle size and percent organic material was calculated to be 0.604 (p=0.02) and 0.420 
(p=0.17), respectively, indicating a significant positive correlation between SSA for time-
integrated and re-suspension samples but no significant correlation for percent organic matter.  
The difference in the particle size composition between the two types of samples may help 
explain why the concentration of many elements are higher for samples collected using the time-
integrated samplers compared to the re-suspended bed sediment (see section 4.2).
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Figure 3.1: Trace element concentration for each method used; time-integrated sampler, continuous flow centrifuge 
(CFC), and re-suspension of channel bed sediment for Q1 with the continuous line represents the LOESS smoothing 
function
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Table 3.1: Average trace element concentrations for the three Quesnel River sites and 
Cariboo River site for samples collected using the CFC, time-integrated sampler and 
bed re-suspension method with number of samples (n) in brackets for As. The mean, 
min. and max. values are for all three methods combined. 
Trace 
element 
Locatio
n 
Re-
suspension 
Time-
integrated 
CFC Mean Min. Max. 
As C1 18.1 (19) 15.9 (8) NA 17.4 12.1 36.2 
  Q1 35.1 (64) 25.5 (8) 22 (22) 32.7 26.2 63.1  
Q2 14.1 (42) 11.6 (11) NA 13.5 4.7 17.0  
Q3 12.1 (60) 11.5 (29) NA 11.7 9.8 15 
Cu C1 45.4 57.3 NA 49.1 34.8 93  
Q1 207 257 310 240 134 413  
Q2 46.0 49.7 NA 46.8 36.8 80.9 
  Q3 41 45.4 NA 42.1 31.7 51.5 
Fe  C1 39344 42288 NA 40250 29800 61300  
Q1 39700 39067 25378 36188 17000 53500  
Q2 29783 32455 NA 30338 25300 36800 
  Q3 30294 32106 NA 30682 25300 36100 
Hg C1 0.02 0.04 NA 0.03 0.01 0.06  
Q1 0.14 0.13 0.08 0.12 0.08 0.6  
Q2 0.05 0.05 NA 0.05 0.02 0.14 
  Q3 0.05 0.60 NA 0.05 0.03 0.08 
Mn C1 819 1209 NA 939 442 1800  
Q1 1217 1423 1058 1164 767 1555  
Q2 535 617 NA 552 451 790 
  Q3 538 594 NA 552 432 697 
P C1 881 905 NA 888 800 1020  
Q1 1237 1311 1362 1276 1090 1523  
Q2 865 920 NA 876 780 1640 
  Q3 976 920 NA 947 850 1150 
Se C1 3.7 2.6 NA 3.3 1.7 5.9  
Q1 2.3 2.4 1.4 2.1 1.3 2.9  
Q2 1.1 1.0 NA 1.1 0.9 1.5 
  Q3 0.9 1.0 NA 1.0 0.3 1.5 
V C1 20 28 NA 23 17 39  
Q1 89 72 61 81 79 106  
Q2 50 54 NA 51 43 89  
Q3 58 56 NA 56 48 69 
Zn C1 119 151 NA 129 87 206 
 Q1 110 135 71.2 105 42 176 
 Q2 75 83 NA 77 62 105 
 Q3 74 80 NA 76 60 133 
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Table 3.2: Specific surface area (SSA: [m2 kg-]) and percent organic matter for site Q1 
by season (mean value and min.-max. range in parentheses) 
 Post-Event Fall Winter Spring Summer 
SSA      
 Time-integrated NA 805 
(661-941) 
871  
(719-1147) 
711 
(697-724) 
570 
(523-687) 
  Re-suspension 373 
(359-388) 
455  
(245-640) 
641 
(523-724) 
364 
(229-681) 
383 
(226-449) 
Percent organic      
  Time-integrated 12 
(11-13) 
14 
(8-19) 
12 
(6-17) 
NA NA 
   Re-suspension 21 
(15-25) 
14 
(10-20) 
14 
(9-16) 
11 
(10-13) 
12 
(9-15) 
 
 
Figure 3.2: Specific Surface Area (SSA: [m2 kg-1]) and percent organic material (%) for re-
suspended and time-integrated samples for Q1 with the continuous line represents the 
LOESS smoothing function 
 
 
Chapter 3 Sediment-associated contaminant concentrations 
 
47 
3.1.2 Spatial patterns 
  Data obtained from the B.C Ministry of Environment showed a decrease in the nine 
trace elements of concern spatially from the TSF breach downstream to Hazeltine Bay in 
Quesnel Lake with the exception of Fe and P (Table 3.3; British Columbia Ministry of the 
Environment 2014).  While some elements continued to decrease in concentration between 
Hazeltine Bay and Q1, others (i.e. As, Hg, Mn, Se and Zn) increased.  This increase in 
concentrations at Q1 as compared to the tailings presumably reflects the sampling of the 
finer material that stayed in suspension in the lake following the event (Petticrew et. al 2015) 
and was released over much of the year to the river. 
As the longest period of regular sampling involved the bed re-suspension method, 
spatial and temporal patterns were assessed using this method only (Figure 3.3).  The 
concentrations of sediment-associated trace elements continued the general trend of 
decreasing values down the Quesnel River, with concentrations at Q1 always being higher 
than the downstream sites.  The Cariboo River (C1) exceeded Q1 for Fe, Se, and Zn (Table 
3.1).  Site C1 was not impacted by the TSF breach, however, it does have historical mining 
operations in its watershed which could account for the higher values, especially Se.  
Additionally, since C1 (which is located above the confluence of the Cariboo River and the 
Quesnel River) contributes materials to the Quesnel River downstream of Q1, the Cariboo 
River did not contribute to the high values of trace elements observed at Q1.  
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Table 3.3: Sediment-associated trace element concentrations from the site of the 
tailings impoundment breach to site Q1 on the Quesnel River 
Trace 
element 
(ppm) 
*Average 
Tailings 
*Hazeltine 
Creek Upper  
Sept 4, 2014 
*Hazeltine Bay 
Aug 7, 2014  
Q1 Average (min.-
max.)**** 
As 12.32 12.2 11.6 32.7  
(26.2-63.1) 
Cu 931 891 504 240 
(134-413) 
Fe 49651 50200 95200 36188  
(17000-53500) 
Hg 0.07 0.088 0.0562 0.12  
(0.08-0.6) 
Mn 652 692 545 1164  
(767-1555) 
P 1323 1410 1740 1276  
(1090-1523) 
Se 1.09 1.09 0.86 2.1  
(1.3-2.9) 
V 189.6 198 262 80.9  
(79-106) 
Zn 62 62 56 105  
(42-176) 
SSA  
(m2 kg-1)** 
105.2  
(59.54-200.6) 
383.7  (n=1: 
suspended)*** 
 550  
(115-1175) 
D50 (𝝁𝒎)** 104  
(65.5-129) 
  26  
(5.76-123) 
* Obtained from MoE Mount Polley Mine Tailings Dam Breach: Updates (British Columbia 
Ministry of the Environment 2014). Values for tailings are prior to breach event 
** Analysis by R. Sussbauer, samples provided by MoE and Mount Polley Mine 
*** Suspended sediment instantaneous grab sample collected by R. Sussbauer at Hazeltine 
Creek Lower, October 10, 2014 
****Average of samples collected by time-integrated samplers, CFC, and channel bed re-
suspension (see Table 3.1) 
 
Chapter 3 Sediment-associated contaminant concentrations 
 
49 
 
Figure 3.3: Trace element concentrations for fine-grained bed sediment (collected by 
re-suspension) for Quesnel River sites (Q1, Q2 and Q3) with the continuous line 
represents the LOESS smoothing function 
 There was a significant difference in trace element concentrations between Q1 and 
Q3 determined using the two-way ANOVA, Table 3.4 (described in section 2.3.3).  To 
decrease the number of interactions terms, only site Q3 was used as very little difference was 
visually observed between Q3 and Q2 in Figure 3.3.  All nine elements of concern had the 
highest concentrations at Q1, closest to the breach, with concentrations decreasing 
downstream to Q3. 
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Table 3.4: Results from a two-way ANOVA of site and season on trace elements (PE: 
Post-Event; F: Fall; W: Winter; SP: Spring; SU: Summer) 
 As Cu Fe Hg P Se V Zn 
ANOVA 
   Location 
 
0.000* 
       
   Season 0.110        
   Location×Season** 
Contrast 
0.092 0.012* 0.002* 0.012* 0.000* 0.026* 0.007* 0.040* 
   Q1vs Q3  0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 
   Q1:PE vs F  0.177 0.026* 0.000* 0.000* 0.005* 0.071 0.004* 
   Q1:PE +F vs W  0.000* 0.000* 0.001* 0.000* 0.004* 0.000* 0.001* 
   Q1: PE+F+W vs SP  0.859 0.201 0.677 0.624 0.644 0.083 0.771 
   Q1: PE+F+W+SP vs 
SU 
 0.809 0.687 0.393 0.095 0.018* 0.398 0.175 
   Q3:PE vs F  0.114 0.270 0.242 0.133 0.000* 0.320 0.006* 
   Q3:PE +F vs W  0.785 0.259 0.191 0.067 0.006* 0.552 0.115 
   Q3: PE+F+W vs SP  0.020* 0.377 0.372 0.000* 0.579 0.196 0.857 
   Q3: PE+F+W+SP vs 
SU 
 0.421 0.895 0.465 0.008* 0.015 0.741 0.529 
* Significant (p<0.05) 
**If interaction term is significant, comparisons completed with contrast, if not significant 
main effects are interpreted in ANOVA without interaction term and type II sum of squares. 
 
3.1.2.1 Additional sediment sources 
In addition to inputs to the Quesnel River from Quesnel Lake, which incorporate 
materials from the breach event, it is important to establish if other sources of sediment and 
trace elements are influencing the concentrations measured along the Quesnel River at sites 
Q1, Q2 and Q3.  Potential sources of sediment (and thus contaminants) above Q1 include 
stream bank material, while below Q1 stream banks as well as contributions of sediment 
from the Cariboo River and the Bullion Pit mine discharge (which is located ~4 km 
downstream from site Q1) need to be considered.  Samples of the fine sediment from the 
Cariboo River and stream banks were collected in this project (see section 2.3.1), while the 
Bullion Pit values were obtained from Smith (2012), these results are shown in Table 3.5.  
High values of As in stream banks (Table 3.5) could affect concentrations at Q1, 
however there are few areas at or above Q1 that have banks that could erode and, therefore, 
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the high values at Q1 are most likely due to contributions from the mine TSF breach and not 
from bank erosion. It was determined that there were no significant other sources of 
sediment, aside from Quesnel Lake at the Q1 site.  As seen in Table 3.1 and Figure 3.3, 
values of sediment-associated trace elements were significantly lower at Q2 and Q3 
compared to Q1. These downstream decreases would be expected as a function of mixing 
and dilution if there were no other contributing sources of contaminated sediment. The 
stream bank trace element concentrations are lower or similar to average values found at Q1 
(Table 3.5) and therefore channel erosion is not a significant factor in the downstream trace 
element concentrations and these potential sediment sources did not contribute significant 
trace elements compared to the TSF breach.  While Q2 and Q3 have lower concentrations 
than Q1, the Cariboo River may still have an impact on the trace element concentrations at 
these downstream sites, though it is not relevant to this study.   
Table 3.5: Identified sediment sources to the Quesnel River and their trace element 
concentrations. Values are mean (±𝑺𝑬?̅?; ppm) except for the Bullion Pit which are 
mean (min-max range). 
 Element 
 
Cariboo River 
(average for re-
suspension and 
time-integrated 
sampler) n=27 
Quesnel River 
stream bank  
n=7 
Bullion Pit (Smith 
2012) 
n=6 
As 17 ± 0.98 37 ± 9.3 15 (5.1-21) 
Cu 49 ± 2.5 63 ± 8.9 64 (47-77) 
Fe  40250 ± 1607 33250 ± 1303  
Hg 0.03 ± 0.00 0.085 ± 0.017  
Mn 939 ± 80.8 686 ± 63.1 641 (398-1570) 
P 888 ± 10.0 853 ± 17.5  
Se 3.3 ± 0.24 2.2 ± 0.6 1.3 (0.9-3.1) 
V 23 ± 0.98 70 ± 3.5  
Zn 130 ± 5.5 79 ± 4.4 61 (50-82) 
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3.1.3 Temporal trends 
Figure 3.4 shows the temporal trends of the trace elements for the re-suspended bed 
sediment samples collected at Q1.  Based on these plots four temporal trends were observed 
amongst the elements: (1) Cu; (2) As, Fe, P, V, and Zn; (3) Mn and Se; and (4) Hg.  The 
temporal trends of Cu were the most extreme where an increase in Cu was observed over the 
fall and winter of 2014-2015 when the lake surface waters were cooling, the thermocline 
deepening and the water column approached isothermal conditions allowing overturn.  The 
general pattern of the timing of increases and decreases exhibited by Cu at Site Q1 is similar 
to those of SSA and sediment inorganic content (Figure 3.2 and Figure 3.7).  These results 
suggest that the lake mixing was delivering the fine sediment, a combination of supplied 
tailings and scoured sediment, that was trapped below the thermocline (Petticrew et al. 2015) 
into the Quesnel River.  Fall overturn maxima were also observed for As, Fe, P, V and Zn 
with increases in trace element concentrations in November-January 2015.  These five 
elements had their highest concentrations immediately after the breach event decreasing 
through to October 2014, increasing during lake cooling and overturn followed by further 
decreases in concentrations, but have increased since April 2015 which coincides with spring 
overturn and the freshet.  Selenium and Mn followed similar patterns with higher values 
immediately after the breach event followed by a decrease in concentrations, however, 
secondary peak concentrations appeared in February-March 2015.  Lastly, Hg levels were 
high immediately after the breach and have decreased since with no further peaks and 
therefore its delivery downstream does not appear to be linked to lake mixing processes. 
The trace element data were divided into four, three-month seasons based on the 
hydrological calendar (October 1-September 30; Table 3.6; Figure 3.5), with an additional 
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post-breach event (PE) period being designated as August 4 to September 30, 2014.    The 
temporal trends were analyzed using a two-way ANOVA, with results presented in section 
3.1.2 (Table 3.4).  At Q1 all of the nine trace elements examined, with the exception of As, 
Cu and V, show significantly higher concentrations in the bed sediment following the breach 
event (PE) compared to the fall season (higher values of V during the event were not 
significant).  Copper concentrations were lower during the post-breach event period 
compared to the fall season but this was not a significant difference.  All elements had 
significant differences between the mean of the post-breach event and fall concentrations 
compared to winter concentrations.  However, all elements except Cu had lower winter 
values.  For all elements the average concentrations between PE+F+W vs SP were 
significantly different (i.e., lower), and Se had significantly lower summer concentrations 
compared to the average of PE+F+W+SP, although this may reflect the limited number of 
samples collected in the summer time period. 
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Figure 3.4: Temporal trends of trace element concentrations of channel bed sediment 
at Q1. The continuous line represents the LOESS smoothing function and standard 
error (shading). 
 
 
Figure 3.5: Boxplots of trace element concentrations (ppm) at Q1 for the re-suspended 
channel bed sediment over each season, Fe in percent (% x 10000=ppm) 
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Table 3.6: Seasonal mean (min-max values on the line below) trace element 
concentrations for re-suspended bed sediment at Q1 (Post-Event: Aug 4-Sept 30, 2014; 
Fall: Oct 1-Dec 31, 2014; Winter: Jan 1-Mar 31, 2015; Spring: April 1-Jun 30, 2015; 
Summer: July 1-Aug 15, 2015) 
Trace 
element 
(ppm) 
Post-Event Fall Winter Spring  Summer  
As  49 
37-67 
33 
29-38 
32 
26-44 
43 
29-63 
30 
26-37 
Cu 159.8 
141-178 
198 
144-291 
279 
239-325 
222 
134-305 
172.6 
136-214 
Fe 45633 
42000-52033 
41956 
38500-
46150 
37319 
35167-42267 
39193 
37425-42475 
43902 
36150-44100 
Hg 0.31 
0.15-0.60 
0.14 
0.12-.18 
0.12 
0.10-0.13 
0.10 
0.08-0.12 
0.14 
0.12-0.19 
Mn 1491 
1193-1827 
1357.8 
1160-1590 
1209 
1026-1467 
1046 
767-1250 
1272 
1140-1420 
P 1466 
1380-1523 
1314 
1220-1400 
1192 
1125-1317 
1129 
1090-1167 
1213 
1175-1295 
Se 3.0 
2.9-3.1 
2.5 
2.0-2.9 
2.4 
2.2-2.7 
1.8 
1.3-2.4 
2.3 
2-2.6 
V 99 
88-119 
91 
79-100 
83 
80-89 
89 
82-103 
89 
881-102 
Zn 131 
121-138 
115 
100-124 
109 
99-131 
105 
100-113 
103 
96-113 
D50 
(𝝁𝒎) 
30.3 
29.9-30.6 
28.8 
12.0-74.7 
15.9 
9.6-27.8 
42.9 
12.2-83.1 
43.7 
21.0-82.0 
 
 Trace elements for fine sediment re-suspended from the channel bed at Q1 were 
correlated with each other in many cases (Table 3.7).  Copper, Mn and Se were significantly 
(p<0.05) positively correlated with SSA, with values of 0.86, 0.52 and 0.49, respectively 
(see Table B.3).  Arsenic and V were inversely correlated with SSA (-0.53 and -0.57; 
p<0.01; see Table B.3).  The proportion of organic matter in the re-suspended bed sediments 
was positively correlated with P (0.51, p<0.05), Se (0.77, p<0.001) and Mn (0.75, p<0.001).  
Both Se and Mn follow the same trend with percent organic content within the re-suspended 
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bed sediment (see Figure 3.6 for Se example), while P follows a similar trend but without the 
February/March 2015 increase. 
Table 3.7: Correlation table for trace elements concentrations at Q1, full table in 
Figure B.3. * indicates significant correlation at p <0.05 
 As Fe Cu Hg Mn P Se V Zn 
As * * *     * * 
Fe * * *   *  * * 
Cu  * *     *  
Hg    *  * *  * 
Mn     * * * * * 
P  * * * * * *  * 
Se    * * * *  * 
V * * *  *   *  
Zn * *  * * * *  * 
 
 
Figure 3.6: Percent organic material (%) and selenium (Se) concentration (ppm) at Q1 
for re-suspended bed sediment 
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Figure 3.7: Percent inorganic material in re-suspended channel bed sediment samples, 
with the continuous line represents the LOESS smoothing function 
 
3.2 Sequential extraction 
 
Sequential extraction analysis on selected sediment samples provides information as 
to the potential bioavailability of trace elements.  A range of samples representing a water-
sediment travel path from the tailings impoundment to site Q3 on the Quesnel River, and a 
sample from Cariboo Lake, as a comparison/reference site, were sequentially extracted 
(Table 3.8).  The results for the sequential extraction are presented in Figure 3.8- Figure 
3.10.  Values below the limit of detection (LOD; Table B.2) were reported as LOD/2 
(Croghan and Egeghy 2003).  The exchangeable and carbonate fractions are generally 
considered to be bioavailable, while the organic bound and residual fractions are not 
bioavailable; the easily reducible and iron-oxide fraction is not bioavailable but can become 
available under certain conditions. 
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There was a large amount of As associated with the sample collected from site Q1 
compared to mine tailings, Hazeltine Creek and Cariboo Lake samples.  Copper was much 
higher in the mine tailings and Hazeltine Creek samples compared to all other samples.  The 
sample at Q1 was collected in the summer of 2015 and therefore may not be fully 
representative of the potential bioavailability during the high concentrations observed in the 
Jan-Apr 2015 period (Figure 3.8).  The sequential extraction of P was only completed for the 
first three extractions and Hg extraction was not available.  The majority of As, Fe, V and Zn 
were mainly present in the non-bioavailable residual fraction, nearly 75%, and higher 
amounts of trace elements were in the bioavailable and potentially available fractions for 
Mn, Cu, and Se (Figure 3.8).  In the case of Mn up to ~40% may be bioavailable at Q1, 
whereas Se was below detection for the bioavailable fractions (recorded as 0.1 ppm). The 
total bioavailable concentration for Cu at Q1 was 6.76 ppm with the potential of an 
additional 19.5 ppm to become bioavailable.  However, 17% of the mine tailings Cu was 
considered to be bioavailable, with a concentration ~225 ppm, which exceeds guidelines 
discussed in section 3.5.2; another 371 ppm in the mine tailings has the potential to become 
bioavailable from the easily reducible and iron oxides fraction. 
Table 3.8: Sediment samples used for Tessier sequential extraction 
Sample Collection 
person(s) 
Type of sample Date 
Hazeltine Creek 
(HC) background 
source material 
Petticrew, E., 
French, T. 
Bank scraping July 11, 2015 
Mine Tailings MoE Grab August 15, 2014 
Hazeltine Creek Sussbauer, R., 
Koiter, A. 
Creek deposit grab August 6, 2014 
Q1 Sussbauer, R., 
Langford, C. 
Re-suspension July 27, 2015 
Q3 Sussbauer, R. Time-integrated 
sample 
May 5-July 16, 
2015 
Cariboo Lake Albers, S. Eckman grab August 15, 2015 
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Figure 3.8: Sequential extraction of trace elements using the Tessier method (Tessier et al. 1979) for select tailings and 
sediment samples collected from the Quesnel watershed.  Phosphorus was not measured for organic bound or residual 
fractions.  
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Figure 3.9: Sequential extraction (expressed as a percentage) of trace elements using 
the Tessier method on select tailings and sediment samples collected from the Quesnel 
watershed.  Values for Cu are presented separately in Figure 3.10 
 
Figure 3.10: Sequential extraction (expressed as a percentage) of Cu using the Tessier 
method on select tailings and sediment samples collected from the Quesnel watershed 
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Because the Tessier extraction only completed the first three extractions for P, a 
SMT extraction was used for further analysis.  Samples used in the SMT extraction were 
replicates taken by the re-suspension method for sites Q1, Q2, Q3 and stream bank scrapings 
from Hazeltine Creek (Table 3.9).  The P concentration from the Tessier method was below 
detection limit (50 ppm) for the two bioavailable fractions and ~200 ppm was potentially 
bioavailable in the easily reducible and iron oxides fraction in both the mine tailings and 
Hazeltine Creek after the breach event (Figure 3.8).  The SMT extraction considers iron-
bound P to be bioavailable and organic phosphorus (OP) to be partly bioavailable.  There 
was little P that was immediately available in Hazeltine Creek, Q2 and Q3 samples (<30 
ppm) with more at Q1 and Cariboo Lake.  Hazeltine Creek had the greatest amount of 
calcium-bound (or apatite) and inorganic P, with values of ~1200 and 1950 ppm, 
respectively.  
It was also evident that early after the breach event, Q1 had a greater proportion of 
calcium-bound or apatite P (Figure 3.2), which corresponds to the higher total P values 
observed in Figure 3.1.  Despite the initial high values of total P in the form of apatite P, 
there was little variation in P concentration and fractions over the sampling period. 
Table 3.9: Re-suspension samples used for the SMT phosphorus extraction 
C1 Hazeltine Creek* Q1  Q2 Q3 
12-Jan-15 30-Sep-14 17-Aug-14 20-Oct-14 4-Sep-14 16-Jan-15   
17-Aug-14 20-Oct-14 14-Apr-15 15-Feb-15   
17-Aug-14 20-Oct-14 14-Apr-15 19-Apr-15   
2-Oct-14 20-Nov-14 
 
30-Mar-15   
2-Oct-14 8-Jan-15 
  
  
2-Oct-14 8-Jan-15 
  
  
9-Oct-14 2-Mar-15 
  
  
9-Oct-14 17-Mar-15 
  
*At Gavin Lake Rd. bridge 
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Figure 3.11: Average phosphorus (P) concentrations (ppm) of each fraction from SMT 
extractions 
 
Figure 3.12: Phosphorus (P) concentration (ppm) for each fraction by SMT at site Q1 
over time 
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3.3 Storage of sediment-associated contaminants in the river channel system 
 
While determining the concentrations of trace elements present in aquatic sediments 
is important so as to compare to metrics of the degree of contamination (e.g. 
background/reference levels, SQGs, indices), it is also important to quantify the mass of 
elements being stored in the riverine system (i.e. Objective 3).  Stored material represents a 
medium to a longer term risk to aquatic ecosystems as it is not flushed through the channel 
system and because there is a longer period for such material to interact with aquatic and 
terrestrial organisms (Walling et al. 2003). 
3.3.1 Floodplain storage of sediment-associated contaminants 
Floodplains along some reaches of the Quesnel River were inundated during the 
spring freshet of 2015 which occurred between May 15 – June 15 (Figure 2.4).  Discharge 
during the 2015 freshet (i.e. the sampling period) was relatively low for this system (max. = 
350 m3 s-1, min. = 64 m3 s-1) and thus only low-lying areas of floodplain were inundated, 
minimizing the areas which might have received contaminated river sediment.  Areas of 
possible sediment deposition during the high flows were sampled at Q2 and Q3 in the fall of 
2014 (i.e. prior to inundation) and after the high flows receded in summer of 2015.  For both 
sites, there was no difference in sediment metal concentrations between the two sample 
times (Table 3.10).  There were small, but not statistically significant (p<0.05), decreases in 
trace element concentrations within the stored sediment of the floodplains at Q2 and 
increases at Q3. As such, there was no evidence to suggest that there was a significant 
deposition of contaminated sediment from the TSF breach on the riparian floodplains 
sampled along the Quesnel River during the 2014-2015 study period. 
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Table 3.10: Average trace element concentrations (𝐩𝐩𝐦 ± 𝐒𝐄?̅?) of floodplain sediment 
at Q2 and Q3 pre- and post- the freshet event   
 Q2 2014 (n=3) Q2 2015 (n=3) Q3 2014 (n=3) Q3 2015 (n=1) 
As 17.97 ±1.58  14.67 ± 0.49 10 ±1.55 14.3 
Cu 52.83 ±6.85 43.2 ±2.86 29.9 ± 3.3 32 
Fe 44 000 ± 7390 31 600 ± 1950 27 933 ± 6140 34 500 
Hg 0.07 ± 0.017 0.05± 0.003 0.04 ± 0.003 0.05 
Mn 653 ± 95.1 564 ± 49.9 442 ± 49.5  497 
P 887 ± 46.3 917 ± 31.8 877 ± 53.6 1070 
Se 1.3 ± 0.30 1.2 ± 0.03 0.6 ± 0.07 1.1 
V 93 ± 23.4 57.3 ± 3.0 77 ± 22.1 90 
Zn 84.7 ± 12.91 76 ± 6.6 57 ± 7.4 63 
 
3.3.2 Channel bed storage of sediment-associated contaminants 
The mass of re-suspended fine-grained sediment from the channel bed of the Quesnel 
River was determined for each re-suspension sampling event and combined with trace 
element concentrations to provide estimates of the mass storage of sediment-associated 
contaminants on the channel bed within the Quesnel River (Figure 3.13). 
The mass of fine-grained sediment stored on the stream bed at Q2 and Q3 was highly 
variable, most likely due to the varying amounts of coarse bed material (boulders and 
cobbles) making sample collection more problematic as it was difficult to get a good seal 
between the stream bed and re-suspension apparatus (Figure 3.14).  The bed material at site 
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Q1 was relatively homogeneous at the sampling location and the amount of re-suspended 
bed sediment collected was consistent over time. 
The results of a two-way ANOVA (described in section 2.3.3) showed that except for 
Cu there were significant differences in mass storage for the rest of the trace elements 
(p<0.05) on the stream bed between Q1 and Q2, with no differences identified between 
seasons (Figure 3.13).  Despite the higher concentrations of these elements observed at Q1, 
the trace element mass storage at Q2 and Q3 was significantly higher, due to the larger 
amounts of fine-grained sediment collected at these sites.  In the case of Cu, there was no 
significant difference in Cu mass storage between Q1 and Q2, however, there was a 
significant difference between seasons. 
At Q1 the general visual trend for the nine trace elements mass storage showed slight 
increases over the winter period (January through March), however values decreased 
following that.  At Q3 there was an increase in trace element mass storage over time.  The 
decrease shown at Q2 in the winter by the smoothing line represents a time period when no 
samples were collected due to restricted access.  
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Figure 3.13: Mass of trace element stored in the upper layers of the channel bed 
[mg/m2] for Quesnel River sites with the continuous line represents the LOESS 
smoothing function. Fe units in percent (%×10,000= mg/m2) 
 
Figure 3.14: Mass of re-suspended sediment stored on the stream bed per area at Q1, 
Q2 and Q3 (mg/m2) with the continuous line represents the LOESS smoothing function 
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3.4 Contamination assessment 
 
The potential contamination of sediment collected at the Q1 site, which was closest 
to the location of the TSF breach, was determined by comparing values to 
background/reference data, standard guidelines, and a variety of contamination indices. 
3.4.1 Comparison to local background/reference trace element concentrations 
 To determine background/reference concentrations (Table 3.11), values were 
averaged from: (i) the Ministry of Mines Drainage Geochemical Atlas for British Columbia 
(Lett et al. 2008; Smith 2012); and (ii) stream bank samples collected from the Quesnel 
River between Q1 and Q3 in 2015. While there is some variation between the values 
obtained for the different methods to obtain background/reference values – which reflects 
differences in the methods used to collect the sediment as well as differences in particle size 
composition - the average values do provide a useful and local means to assess the element 
concentrations associated with the sediment samples collected from the Quesnel River after 
the breach. Concentration values of trace elements at Q1 (Table 3.12) were elevated 
compared to background/reference levels for As, Cu, Hg, Mn, V, Zn and P, with smaller 
increases for V, Fe and Se.  Copper had the greatest increase with over 500 % difference at 
Q1 compared to background/reference levels. 
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Table 3.11: Background/reference trace element concentrations for the Quesnel River 
watershed 
Trace 
element 
(ppm±SE) 
Geochemical 
Atlas* 
Smith and 
Owens 
(2014a) near 
(Q3) 
Average bank  
2015 ± 𝑺𝑬?̅? (n=7) 
 
Average 
background/reference 
concentration  
As 7  11 37 (9-76) 18 
Cu 35  44 63 (29-107) 47 
Fe   33250 (28900-39900) 33250 
Hg  0.05 0.09 (0.04-0.19) 0.07 
Mn 524 608 686 (476-1020) 606 
P  795 853 (800-920) 824 
Se  1.5 2.2 (0.6-4.4) 1.9 
V   70 (57-87) 70 
Zn 53 106 79 (59-99) 79 
*As cited by (Smith and Owens 2014a) 
 
Table 3.12: Comparison of Q1 trace element concentrations to average 
background/reference values 
Trace 
element 
Average 
reference 
value 
Q1 Average for time-integrated, 
CFC and re-suspension (n=94) 
± 𝑺𝑬?̅? 
% difference 
(Q1/reference) 
As 18.4 32.7 ± 1.6* 177.7 
Cu 47.3 239.9 ± 8.9* 507.2 
Fe 33250 36188 ± 769.9* 108.8 
Hg 0.07 0.12 ± 0.007* 171.4 
Mn 605.9 1164 ± 26.9* 192.1 
P 823.8 1276 ± 19.0* 154.9 
Se 1.9 2.1 ± 0.06* 110.5 
V 70.3 80.9 ± 1.7* 115.1 
Zn 79.3 105 ± 2.7* 132.4 
* Exceeds background/reference 
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3.4.2 Comparison to sediment quality guideline standards 
Environment Canada has established sediment quality guidelines (SQGs) for the 
protection of aquatic health (Table 3.13).  Currently, there are no guideline values for P, Se, 
and V, however, a SQG for P from Ontario was used for comparison, and the Se SQG was 
obtained from the CCME guidelines prior 2009 (Canadian Council of Ministers of the 
Environment 2009b; Environmental Bureau of Investigation n.d.).  Trace elements that 
exceeded the SQG in re-suspended sediments collected at Q1 were: (i) As, Cu and Mn for 
the ISQG; (ii) Fe and P for the LEL; and (iii) Se for the agricultural guideline.  Additionally, 
As, Cu, and Mn exceeded the probable effect level (PEL) SQG, which indicates that adverse 
effects are expected to occur.  
 
 
 
 
 
 
 
 
 
 
Chapter 3 Sediment-associated contaminant concentrations 
 
70 
Table 3.13: Canadian Environmental Sediment Quality Guidelines for the Protection 
of Aquatic Life (adapted from Canadian Environmental Quality Guidelines n.d.) 
Element ISQG concentration  
(ppm dry weight)  
PEL concentration  
(ppm dry weight)  
Q1 Average for 
time-integrated, 
CFC and re-
suspension 
(n=94) 
As 5.9 17 32.7 ± 1.6* 
Cu  35.7 197 239.9 ± 8.9* 
Fe** 20 000 (LEL) 40 000 (SEL) 36188 ± 769.9* 
Hg 0.17 0.486 0.12 ± 0.007 
Mn 460 1100 1164 ± 26.9* 
P (Total)** 600 (LEL) 2000 (SEL) 1276 ± 19.0* 
Se*** 1 (agricultural) 2.9 (commercial) 2.1 ± 0.06* 
V**** 130 (agricultural) 130 (commercial) 80.9 ± 1.7 
Zn  123 315 105 ± 2.7 
ISQG - Interim Sediment Quality Guidelines      PEL - Probable effect level 
LEL - Lowest effect level                                     SEL - Severe effect level 
* Exceeds at least one guideline 
** Ontario sediment standards prior to 2013 (Ontario Ministry of the Environment 2008) 
*** CCME 2009 soil quality guidelines for Se 
**** CCME 1997 soil quality guidelines for V 
 
3.4.3 Sediment contamination indices 
 As previously discussed in Section 1.4, there are four commonly used indices to 
assess contamination: the contamination factor (CF), pollution load index (PLI), 
geoaccumulation index (Igeo), and the enrichment factor (EF).  The CF, PLI and Igeo were 
calculated based on the seasonal values presented in Table 3.6 while the EF values were 
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calculated based on the average Q1 values over the sampling period; average concentrations 
for Al in the sediment samples and background/reference were 21100 and 11500 ppm, 
respectively (Table 3.14).   
In the case of Cu, there is a large range of CF values over the sampling period (3.4-
5.9) with the greatest contamination occurring during winter 2015.  CF values between 3 and 
6 indicate considerable contamination (Table 1.3).  All trace elements, with the exception of 
Se in spring, had CF values greater than 1 indicating moderate contamination.  The Igeo 
showed similar trends in terms of Cu having the highest value during winter 2015, with 
scores between 1 and 2 for all other time periods identifying the area as moderately 
contaminated in Cu throughout the sampling period.  With the exception of Hg during the 
post-event period, all other trace element Igeo scores are below 1 and indicate no to 
moderate contamination.  Both EF scores (using Al and Fe) show minor to moderate 
enrichment for Cu, and no to minor enrichment for the remaining trace elements.  Lastly, 
PLI scores greater than 1 indicate that pollution exists at Q1 with the highest value occurring 
during the post-event period with a PLI of 2.6. 
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Table 3.14: Sediment contamination indices for the assessment of contamination at Q1. 
The EF was calculated as the average over the sampling period.  See Table 1.3 for 
details on each indices and Appendix C for sample calculations 
Trace element Time period CF Igeo EF Al EF Fe PLI 
As  Post-Event 
Fall 
Winter 
Spring 
Summer 
2.7 
1.8 
1.8 
2.4 
1.8 
0.83 
0.23 
0.24 
0.56 
0.28 
0.97 1.63  
Cu Post-Event 
Fall 
Winter 
Spring 
Summer 
3.4 
3.7 
5.9 
4.5 
3.6 
1.2 
1.3 
2.0 
1.6 
1.3 
2.76 4.66  
Fe Post-Event 
Fall 
Winter 
Spring 
Summer 
1.4 
1.2 
1.1 
1.2 
1.2 
-0.14 
-0.31 
-0.42 
-0.34 
-0.31 
0.59 1  
Hg Post-Event 
Fall 
Winter 
Spring 
Summer 
4.4 
2.0 
1.7 
1.4 
1.7 
1.6 
0.48 
0.19 
-0.07 
0.19 
0.93 1.57  
Mn Post-Event 
Fall 
Winter 
Spring 
Summer 
2.5 
2.1 
2.0 
1.7 
1.8 
0.64 
0.48 
0.41 
0.18 
0.29 
1.04 1.76  
P Post-Event 
Fall 
Winter 
Spring 
Summer 
1.8 
1.5 
1.5 
1.4 
1.5 
0.25 
0.04 
-0.05 
-0.14 
-0.01 
0.84 1.42  
Se Post-Event 
Fall 
Winter 
Spring 
Summer 
1.6 
1.3 
1.3 
0.9 
1.1 
0.07 
-0.19 
-0.25 
-0.66 
-0.44 
0.60 1.02  
V Post-Event 
Fall 
Winter 
Spring 
Summer 
1.4 
1.2 
1.2 
1.3 
1.4 
-0.09 
-0.28 
-0.35 
-0.23 
-0.14 
0.63 1.06  
Zn Post-Event 1.7 0.14 0.72 1.22  
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Fall 
Winter 
Spring 
Summer 
1.4 
1.4 
1.3 
1.3 
-0.13 
-013 
-0.17 
-0.15 
PLI Post-Event 
Fall 
Winter 
Spring 
Summer 
    2.6 
2.1 
2.2 
2.0 
2.0 
3.5 Summary  
 
Site Q1 on the Quesnel River, near the outflow of Quesnel Lake, had the highest 
concentrations of the nine trace elements examined compared to sites Q2 and Q3.  For As, 
Fe, Hg, Mn, P, Se, V and Zn at Q1 the highest concentrations occurred in the period 
immediately after the breach event and decreased over time with additional peaks occurring 
during lake mixing and overturn for As, Fe, P, V and Zn (Nov-Dec 2014).  Manganese and 
Se did not have fall lake mixing peaks but instead had secondary peak concentrations in Feb-
Mar 2015.  Following the initial breach event concentrations of Cu were lower, then 
increased over fall and winter which was associated with a decrease in particle size and an 
increase in inorganic content.  These data suggest that the source of the riverine sediment is 
material that was delivered into Quesnel Lake in association with the breach event. 
The mine tailings and Hazeltine Creek (post-breach event) samples contained higher 
concentrations of Fe, P, Cu and V while Q1 had higher concentrations of As, Mn, Se and Zn 
which may be a result of decreased particle size at Q1 compared to the tailings and Hazeltine 
Creek material. The majority (~75 %) of As, Fe and V was bound in the residual fraction and 
was considered to be not bioavailable.  A smaller percentage, 17 %, of Cu was considered 
bioavailable in the exchangeable and carbonate fractions, however for the mine tailings the 
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concentration that was bioavailable was nearly 225 ppm, which exceeded the PEL 
guidelines, due to the high total concentrations of Cu present in the tailings. 
 All of the nine trace elements examined were found in higher concentrations at Q1 
compared to background levels (an increase of over 500% for Cu) with only small increases 
in Fe, Se and V.  Most trace elements exceeded sediment quality guidelines with the 
exception of Hg, V and Zn.  The contamination factor for Cu ranged from 3.4 - 5.9 over the 
year indicating considerable contamination.  All other trace elements had CF values higher 
than 1 indicating moderate contamination.  The PLI for all periods was greater than 1 
(highest 2.6) and indicated that contamination was present at Q1 during August 2014 to 
August 2015.  
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CHAPTER 4 DISCUSSION OF SEDIMENT-ASSOCIATED CONTAMINANTS 
DYMANICS IN THE QUESNEL RIVER 
 
4.1 Method comparison 
 
The use of different methods for sample collection can generate variability in values 
but can also provide a confirmation of data trends.  A comparison of the material collected 
by the two main sampling methods used in this study (i.e. suspended sediment collected 
using the time-integrated samplers and re-suspended fine-grained channel bed sediment) was 
undertaken using the samples collected at site Q1 to determine the similarity of the sample 
composition collected using each method. This comparison helps in the interpretation of 
differences in the trace element concentration values obtained by each sampling method 
(Figure 3.1 and Table 3.1).  As the time interval over which the various sample types were 
collected differed, values for the samples collected by the two methods were averaged over 
monthly time periods. 
For the majority of the trace elements analyzed, there was a visual correlation in the 
trends observed between the sampling methods particularly with Cu.  The variation between 
the three methods is most likely explained by differences in the duration over which samples 
were collected/deployed, the differences in the type of material collected (i.e. channel bed vs 
suspended sediment) and the differences in particle size and organic matter content of the 
samples.  The time-integrated sampler is an in-situ passive sampler that was deployed for 14 
days collecting continuous samples of in-stream sediment, while the CFC is an active 
sampler deployed for up to 8 hours. Furthermore, the CFC and the time-integrated samplers 
collected suspended sediment, while the re-suspension method collected fine-grained 
sediment stored in the upper layers of the channel bed.   
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The specific surface area of the samples collected by the time-integrated sampler and 
the re-suspension method were significantly positively correlated (0.604; p<0.05) with a 
mean SSA of 756.6 ± 21.7 m2 kg-1 and 486.4 ± 12.7 m2 kg-1, respectively; i.e. the re-
suspended channel bed sediment was coarser.  The greater concentrations of trace elements 
associated with samples collected by the time-integrated samplers compared to re-suspended 
sediment may be due to the fact that finer suspended particles are less likely to settle onto the 
channel bed, Figure 3.2.  Given the higher SSA of finer particles, they have a greater 
capacity to sorb trace elements (Horowitz 1991).  There was no significant correlation 
between the percent organic content between the two methods with the re-suspension 
method having higher seasonal averages particularly during the post-event period.  Increases 
in organic matter also increases the ability of the sediment to sorb trace elements further 
explaining the variations in trace element concentrations collected by each method 
(Horowitz 1991).  Particle size and organic matter content for the CFC were not available. 
All three methods provide different, but complementary data – suspended vs. bed 
sediment, and short-term sampling vs. integrated 14 days sampling – due to differences in 
operational conditions associated with each approach; i.e. the samples collected using each 
technique do not have the exact same composition.  However, in combination they provide 
an understanding of the storage and transport dynamics of sediment-associated contaminants 
in the Quesnel River. Importantly, in the case of Cu  ̶  the trace element with the highest 
elevated concentrations – the temporal trends shown by all three sampling methods were 
similar and there was good correspondence between concentrations (Figure 3.1).  The 
remainder of the chapter will focus on channel bed sediment, due to the regular interval for 
sampling using this technique and the collection of samples at all three sites on the Quesnel 
River (n=166). 
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4.2 Spatial variation in trace element concentrations 
 
Contamination in aquatic systems typically decreases away from point sources due to 
adsorption, organism uptake, and dilution (Hudson-Edwards et al. 2001, 2008; Lewin and 
Macklin 1987).  Data obtained from the B.C Ministry of Environment showed a decrease in 
the nine trace elements of concern spatially from the TSF breach downstream to Hazeltine 
Bay in Quesnel Lake with the exception of Fe and P (Table 3.3).  Lakes act as sinks for 
sediment and contaminants due to deposition on the bed, with heavy particles settling 
quickly and fine particles remaining in suspension and settling at much slower rates, which 
is dependent on the energy in the water column.  For example, clays with a diameter of 2-4 
𝜇m settle at a rate of 0.3-1 m/day while silt with particles ranging from 10-20 𝜇m settle at 3-
30 m/day, which varies based on the horizontal and vertical velocities within the lake caused 
by wind and waves (Chin 2006).  So while some elements continued to decrease in 
concentration from Hazeltine Bay to Q1, others increased (i.e. As, Hg, Mn, Se and Zn).  The 
increase in trace element concentrations may be associated with the increase in specific 
surface area associated with the particles from the tailings material within the TSF (105 m2 
kg-1; range 59.5-200.6 m2 kg-1), and Hazeltine Creek samples of deposited material after the 
breach event (383.7 m2 kg-1; n=1), compared to Q1 (550 m2 kg-1; range 115-1175 m2 kg-1), 
and the effect this has on the sediments’ ability to sorb trace elements.  Alternatively, this 
trend may indicate an increase of trace elements in the local area between Hazeltine Bay and 
the Quesnel River; however, there was no evidence to suggest that there were significant 
additional sources of sediment and contaminants between these locations.   
The Quesnel River showed significant decreases in trace element concentrations from 
Q1 to Q3 (e.g. average concentrations of 240 ppm Cu (range 134-413 ppm) at Q1 compared 
to 42.1 ppm Cu (range 32-52 ppm) at Q3), likely due to dilution from additional natural 
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sediment sources (Figure 3.3).  Trace element concentrations at Q3 were not a concern at the 
time of sampling as they are below SQGs for aquatic life. Thus, further contamination from 
the bed sediments in the lower sections of the Quesnel River into the Fraser River was not a 
concern for the period that the samples were collected (i.e. August 2014 to August 2015). 
4.3 Temporal variations in trace element concentrations 
 
Temporal variations in trace element concentrations associated with sediment in river 
systems are controlled by changes in water discharge and weather events, with low flows 
facilitating deposition of sediment and associated contaminants onto, and into, the stream 
bed and high flows increasing erosion from stream beds and banks, thereby increasing 
suspended sediment concentrations (Government of Canada 2010).  The hydrological 
calendar runs from October 1st to September 30th so for ease of comparison the data were 
divided into four, 3-month periods, labelled as seasons for this study.  In addition, the period 
following the breach event, called post-event in this study, comprised August 4 – September 
30, 2014 data.  Initial high concentrations of trace elements at Q1 in August 2014 coincide 
with the initial release of material following the TSF breach, however, these higher initial 
concentrations may have also been a result of the higher percent of organic matter in the bed 
sediment (Figure 3.2), increasing the ability of the sediment to sorb trace elements 
(Horowitz, 1991).  All trace elements examined, with the exception of Cu, had higher 
concentrations during the post-event period compared to the fall (Figure 3.3); in the case of 
V, concentrations were high, but were not significantly different, than the fall period (Table 
3.4).  There were four observed temporal patterns for the nine trace elements as indicated in 
section 3.1.3, and of those As, Cu, Fe, P, V and Zn at the headwaters of the Quesnel River 
(i.e. Q1) were primarily controlled by the physical limnology of Quesnel Lake.  During the 
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fall, the Quesnel River hydrograph (Figure 2.4) shows an increase in discharge during 
November 2014 which could result in a decrease in the storage of stream bed sediment-
associated contaminants at Q1 due to lower amounts of deposition and increased stream bed 
erosion of fine sediment. However, secondary peaks in the above mentioned trace elements 
occurred during the fall, most notably with Cu which continued to increase into winter 2014, 
with values for bed sediment exceeding 300 ppm.  The increase in sediment trace element 
concentration is presumed to be due to the delivery of the large mass of contaminated 
sediments stored in the hypolimnion of Quesnel Lake following the breach.  As a 
consequence of the breach, fine sediment was delivered into Quesnel Lake and these fines 
remained suspended in the deeper (>30 m), colder and denser waters of the hypolimnion 
(Petticrew et al. 2015).  Summer stratification prevented mixing of these materials into the 
upper warmer waters (epilimnion), but as the water column of the lake cooled with 
decreasing autumn air temperatures, the lake’s mixed layer became deeper, and entrained 
fine sediment from below 30 m and discharged it into the Quesnel River.  These fines would 
be both trapped within the gravel bed interstices and/or deposited as flocculated sediment on 
and within the channel bed. 
For the majority of elements the increase in concentration at Q1 was short lived and 
values decreased by January 2015 with the exception of Cu which continued to increase until 
March 2015 and then began to decrease.  The West Basin of Quesnel Lake experiences two 
isothermal periods which enables overturn events, one during winter (beginning in early 
January) and the other in the spring (beginning in mid to late April; Petticrew et al. 2015).  
During the winter (2015), river discharge decreased, however, warmer temperatures in 
February-March 2015 generated a short period of low-elevation snow melt which increased 
the discharge in the Quesnel River.  Spring overturn occurred during the ascending limb of 
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the freshet (April 2015 with peak river discharge in June 2015) which delivers variable 
temperature, sediment-laden water from the tributaries to the lake.  These higher Quesnel 
River discharges associated with the spring melt period would therefore be transporting fine 
sediment delivered from the contributing watersheds.  Given their much lower Cu 
concentrations (see table 3.11 and 3.12) these watershed sediments could dilute the Cu 
concentrations of sediment from the Mount Polley Mine breach released from the lake to the 
river during spring overturn as observed in Figure 3.4.  The increased spring discharge was 
also associated with increases in turbidity (Figure 4.1).  
In addition to trace element concentration, the particle size and percent inorganic 
material in the bed sediment was also analyzed (Figure 3.2 and Figure 3.7).  An increase in 
SSA (i.e. decreasing particle size) during the late fall and winter seasons was again most 
likely due to the physical limnology of Quesnel Lake acting to deliver fine particles of 
breach material both suspended in the water column and re-suspended from the breach lake 
deposit during lake mixing.  Petticrew et al. (2015) indicate that the material suspended in 
the lake water column post-breach had a D50 = ca. 1 𝜇m.  The delivery of these fine particles 
to the Quesnel River as the mixing depth of the lake increased was also supported by data 
produced by Imperial Metals, showing the rapid increase of river turbidity close to Q1 
during November and persisting into December and January of this study (Figure 4.1).  In 
addition, the inorganic content (i.e. the minerogenic content) of the sediment increased 
during the winter months which further corroborated an increase of tailings material 
transported by, and trapped in and/or deposited on the channel bed of, the Quesnel River 
during the winter months. 
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Figure 4.1: Turbidity of the Quesnel River at the QRRC (i.e. site Q1) for the period 
August 2014 to August 2015 (Image from Mount Polley Mining Corporation 2015) 
 
4.3.1 Storage of sediment-associated contaminants 
There were significant differences in the mass of trace elements stored per unit area of 
the stream bed at Q1 compared to downstream sites (i.e. Q3) due to the increased bed 
storage of larger particle sizes at the downstream sites.  The differences occurred for eight of 
the nine trace elements examined with the exception of Cu which showed no significant 
differences in storage between Q1 and the downstream site (Q3).  Throughout the sample 
collection period, larger masses of sediment were stored on the stream bed at Q2 and Q3 
compared to Q1 (Figure 3.13), reflecting local hydrologic (e.g. velocity, channel width, 
water depth) and channel bed conditions (e.g. channel bed sediment size composition and 
porosity).  The average amount of fine sediment stored on the stream bed at Q1 (0.26 kg m-
2), Q2 (1.03 kg m-2), and Q3 (1.07 kg m-2) were similar to values found by Walling et al. 
(2003), 0.039 – 1.4 kg m-2, and lower than those found by Wilson et al. (2004), 1.28 – 3.00 
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kg m-2, for rivers in the UK.  Due to the increased sediment mass at the downstream sites, 
the higher concentration of trace elements seen at Q1 were masked by the storage capacity 
differences.  The storage of Cu, Zn, and total P at the three sites in the Quesnel River were 
similar to sites heavily contaminated by industrial works, urban land use and farming 
examined by Walling et al. (2003). The average Cu storage at Q1 (55 mg Cu m-2), Q2 (47 
mg Cu m-2), and Q3 (44 mg Cu m-2) was similar to the values found by Walling et al. (2003) 
ranging from 21.8 mg m-2 to 340 mg m-2 at the most contaminated site in an urban-industrial 
river in the UK. 
The stored trace elements at Q2 and Q3 increased over time, possibly indicating the 
movement of stored sediment from Q1 to Q2 and Q3, although further research is required to 
confirm this.  The increase in storage downstream did not result in trace element 
concentrations that were harmful to aquatic life within the bed sediment, as values were 
below SQGs and other contamination/pollution indices.  
4.4 Sequential extraction 
 
Sequential extraction analysis on selected sediment samples provides information as 
to the potential bioavailability of trace elements.  The Tessier method is a sequential 
extraction where the chemicals used for extraction increase in strength and, therefore, the 
availability or the ease of which the trace elements can be removed from the sediment 
particles decreases with each extraction.  Bioavailability of trace elements is a measure of 
the potential uptake by aquatic organisms, and follows the order of exchangeable > 
carbonate > reducible > organic > residual.  The readily bioavailable fractions are considered 
to be the exchangeable and carbonate fractions with the reducible fraction being potentially 
bioavailable with changing redox conditions.  Due to the high costs associated with the 
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Tessier sequential extraction analysis (ca. $500 per sample using ALS), only a limited 
number of samples were analyzed. 
The tailings material and Hazeltine Creek samples had greater concentrations of Fe, 
V and P, however, over 80% was in the non-bioavailable forms.  The majority of metals 
analyzed for the tailings and Hazeltine Creek samples have a large residual fraction with the 
exception of Cu and Se.  While the mine tailings material and Hazeltine Creek deposits had a 
small percentage (17 %) of carbonate and exchangeable forms of Cu, over 200 ppm was 
considered bioavailable, exceeding guidelines, and total concentration in the mine tailings 
exceeded 1300 ppm.  Given that an estimated 7.3 million m3 of tailings was released from 
the TSF breach with an average density of 2535 kg m-3 (Petticrew et al. 2015), it is estimated 
that 18.5 billion kg of tailings was released or 24 million kg of Cu, with 4.08 million kg of 
Cu that is considered bioavailable in the tailings material alone.  For the samples analyzed 
by sequential extraction, total Cu was much higher in the mine tailings (>1300 ppm) and 
Hazeltine Creek (>900 ppm) samples compared to all other samples (<140 ppm).  It should 
be noted that physical and chemical changes to the water column (pH, redox conditions, 
temperature, and oxygen levels) can mobilize stored unreactive chemicals into more 
available forms. Thus the potential exists for some of the trace elements of concern bound to 
material deposited on the bed of Quesnel Lake and River to be released to overlying waters 
if environmental conditions change. 
4.5 Contamination assessment of Quesnel River at Q1 
 
The Quesnel River near Likely, B.C., was considered to be a ‘nearly’ pristine 
environment, and while forestry, agriculture and mining practices existed, contamination and 
urban pollution were considered to be low before the TSF breach event (Smith and Owens 
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2014a; Table 4.1).  Copper levels in Hazeltine Creek and the Quesnel River prior to the 
breach event were ~100 ppm, which was higher than nearby streams and was most likely a 
result of previous mining activity and elevated concentrations in natural deposits.  Since the 
breach, Cu levels in Hazeltine Creek exceeded 900 ppm and at times exceeded 400 ppm for 
suspended sediment in the Quesnel River, which is above the sediment quality guidelines set 
by the federal government (i.e., CCME).  Trace elements that exceeded government 
sediment quality guidelines in the Quesnel River after the breach event included As, Cu, Fe, 
Mn, P, and Se.  Additionally, As, Cu, and Mn exceeded the probable effect level (PEL) 
where adverse effects to aquatic organisms are expected to occur.  These high values after 
the TSF breach are unprecedented for this region despite historical/current mining, forestry 
and agriculture practices within the watershed (Table 4.1).  The Quesnel River (at Q1) was 
deemed to have considerable contamination of trace elements based on CF values between 3 
and 6 for Cu and PLI >2 over the 2014-2015 sampling period.   
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Table 4.1: Previous studies on sediment-associated contaminants in the Quesnel 
watershed  
Location Type of 
impact 
Sediment 
Type 
Metal 
concentration 
(ppm) 
Reference 
Hazeltine 
Creek-Ditch 
Road access 
Mining Suspended 
sediment 
As      11.4 
Cu      101.65 
Mn      3595 
Zn       100 
Karimlou (2011) 
Hazeltine 
Creek-Ditch 
Road access 
Mining Bed sediment As       1.73 
Cu       97.87 
Mn      2440 
Se       5.73 
Zn       155.83 
Van Lipzig (2011) 
Black Creek Historical 
mining 
Bed sediment As       14.19 
Se        0.581 
Zn       82.19 
Clark et al. (2014) 
Boswell Lake Forestry Channel bank 
sediment 
As       23.1 
Cu       58.1 
Mn      421 
Se        2.99 
V         23.1 
Zn       50.7 
Caley (2011) 
Quesnel River Forestry Bed sediment As       8 
Cu       46 
Hg       0.09 
Mn      671 
Se        3.4 
Zn       81 
Smith and Owens 
(2014a) 
 Agriculture Bed sediment  As       12 
Cu       55 
Hg       0.08 
Mn      1106 
Se        4 
Zn       97 
 
 Mining Bed sediment  As       18 
Cu       101 
Hg       0.14 
Mn      806 
Se        4.3 
Zn        93 
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When considering other rivers around the globe, there are some with greater recorded 
contamination from mining activities such as the Lapuş River, Romania, and the Clark Fork 
River, USA (Table 4.2).  In addition, the trace element concentrations in the mine tailings 
from Mount Polley Mine were considerably lower than those from other mines (Table 4.2).   
While the contamination of the Quesnel River is lower than several other contaminated 
rivers around the globe and the concentration in the tailings is lower than some other 
documented breach events, it should be noted that the Mount Polley TSF breach contributed 
more material to downstream aquatic systems than most other TSF spills (Table 1.2). 
Furthermore, the situation in the Quesnel watershed is unique given the fact that most of the 
materials from the spill event were deposited at the bottom of a deep lake and may reside 
there, and be reworked annually by lake processes for a considerable period of time.  
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Table 4.2: Examples of other studies showing average* sediment-associated 
contaminants in river sediments and mine tailings for different parts of the world 
Location Type of impact Sediment 
Type 
Metal 
concentration 
(ppm) 
Reference 
Poland, 
Rybnik 
Reservoir 
Coal mines, 
Industrial area  
Bottom 
sediments of 
Rybnik 
Reservoir 
Cu      451.74 
Fe       38,782 
Mn     2018.71 
Zn      1583.40 
 
Loska and 
Wiechula (2003) 
Europe, 
Danube 
River 
Hydroelectric 
power plants 
Suspended 
sediment 
As      9.4-32.1 
Cu      26.9-95.5 
Hg     <0.1-0.79 
Zn      87-2224 
 
Woitke et al. 
(2003) 
UK, Tees 
River 
Historical mining Overbank 
river 
sediment 
Cu      36.9 
Mn     2600 
Zn      836 
 
Hudson-Edwards et 
al (1997) 
Romania, 
Lapuş River  
Historical/current 
mining 
Bed sediment As      54 
Cu      4850 
Zn      3890 
 
Bird et al. (2003) 
USA, 
Montana, 
Clark Fork 
River  
Mining Floodplain 
sediments 
As      452 
Cu      1160 
Mn     982 
Zn      557 
 
Moore et al. (1989) 
India, 
Varanasi, 
Ganga River 
Human, 
City sewage 
Bed sediment  Cu     12.7-36.7 
Mn    296-529 
Zn     42-92 
 
Pandey and Singh 
(2015) 
Spain, 
Aznalcóllar,  
Mine breach Mine tailings As     2500 
Cu     1600 
Zn     7400 
 
Hudson-Edwards et 
al. (2003) 
USA, 
Virginia,  
Tailings storage 
of abandoned 
mine 
Mine deposit As     25 
Cu    453 
Zn    2178 
 
Seal et al. (2008) 
Bolivia, 
Potosi,  
Mine TSF Mine tailings As    6960 
Cu    502 
Zn    26,000 
Kossoff et al. 
(2011) 
*If an average was not provided then a range of values was presented from published data 
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4.6 Implications of trace element concentrations at Q1 
 
Of the nine trace elements examined all had elevated concentrations at Q1 compared 
to downstream sites and As, Cu, Fe, Mn, Se and P were above sediment quality guidelines.  
The potential impacts of As, Cu, Fe, and Mn are examined below. 
Toxicity of As varies with its form and oxidation state, however values as low as 
6.87 ppm have been shown to decrease chironomid abundance (Canadian Council of 
Ministers of the Environment 1999c).  The majority of studies have examined the toxic 
effects of As in water but few examine the follow-on effects of As in the sediment on aquatic 
plants and organisms.  However, bottom feeding organisms consume As from the sediment.  
The low bioavailability of As at Q1 indicates that toxicity to aquatic plants and organisms is 
of low concern at this stage, however, continued monitoring of the fractionation of As is 
important as conditions may change and As has the potential to become bioavailable and/or 
partition into the aqueous phase.  Aqueous As has been shown to accumulate in stoneflies, 
snails and Daphnia, and concentrations as low as 75 𝜇L-1 have been shown to decrease 
growth of algae (US DoI 1998).  
Copper in sediments has been shown to decrease macrobenthic invertebrate 
community diversity, total biomass and body size at high levels, e.g. 236.1 ± 40.9 ppm 
(Neira et al. 2011).  Seasonal average concentrations of Cu in re-suspended bed sediment at 
site Q1 ranged from 160-279 ppm (with individual values for suspended sediment exceeding 
400 ppm).  The PEL of 197 ppm was exceeded for a minimum of 180 days over the 
sampling period, and therefore a loss of benthic invertebrate biodiversity is expected.   
Additionally, the growth of H. azteca, a freshwater amphipod has shown reduced growth in 
Cu sediment concentrations of 89.8 ppm (Canadian Council of Ministers of the Environment 
1999a).  The Cu concentrations observed at site Q1, and higher levels in Hazeltine Creek 
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deposits and tailings material, are of immediate concern for aquatic community diversity and 
growth.  The impacts of high Cu concentration are a long-term issue as it may bioaccumulate 
in the food web. 
Much like As, there is a limited number of studies on the toxic effect of Fe 
concentrations in fluvial sediment, however there have been studies on pore water 
concentrations within the sediment and overlying waters.  The toxic effects of Fe on aquatic 
organisms vary with changing conditions (pH, temperature and dissolved ions; Demirezen 
and Aksoy 2006; Vuori 1995).  Studies have shown that Fe2+ is more toxic than Fe3+ and fish 
can live in waters with high Fe levels in the absence of Fe2+ (Steffens, Mattheis, and Riedel 
1993).  Iron precipitates have been shown to smother fish gills and eggs and as well degrade 
the quality of benthic habitats by altering surfaces that thereby restrict food access (Vuori 
1995).  Iron and Mn have been found to be carriers of other toxic metals as oxides or 
hydroxides complexes (Du Laing et al. 2009).  The high concentrations of Fe at Q1 (3.6%) 
falls between the 2013 Ontario guidelines of 2% (LEL) and 4% (SEL).  Without knowing 
the forms of Fe present it is difficult to predict the toxic effects, however, it is most likely 
that the Fe is bound to other trace elements and may become bioavailable with changing 
conditions.  
Manganese behaves similarly to Fe in aquatic systems and both have been shown to 
accumulate in plants in concentrations higher than that present in sediment or water and 
concentrations between 5-500 ppm in plants can be toxic (Demirezen and Aksoy 2006).  
With the potential accumulation of Mn in aquatic plants, the average concentrations at Q1 
(1164 ppm) may pose a risk of toxic effects (Demirezen and Aksoy 2006). 
 The site closest to the TSF breach on the Quesnel River exceeds sediment guidelines 
for numerous trace elements, particularly Cu, and the individual potential toxic effects are 
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numerous.  It is also important to consider that there will be cumulative impacts on the 
aquatic ecosystems of the impacted areas (Hazeltine Creek, Quesnel Lake and Quesnel 
River) due to the suite of trace elements in the material from the TSF and the physical effects 
of the sediment itself.  The potential impacts include decreased biodiversity and biomass of 
benthic organisms, bioaccumulation of trace elements, and contamination of higher 
organisms (e.g. fish and birds) in the food web.
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Chapter 5 CONCLUSIONS 
 
5.1 Summary and conclusions 
 
The Mount Polley Mine tailings storage facility breach is considered to be Canada’s 
biggest environmental mining disaster and it was one of the biggest spills in terms of volume 
in the world. The objectives of this study were to: (1) determine the concentrations of 
contaminants from the Mount Polley Mine TSF breach moving into and through the Quesnel 
River and how they varied spatially and temporally; (2) determine and characterize other 
possible sources of contaminants into the Quesnel River, especially between site Q1 and 
sites Q2 and Q3; (3) determine areas of sediment-associated contaminant storage within the 
Quesnel River; and (4) determine the concentrations of contaminants associated with the 
tailings and fine sediment eroded and deposited in other parts of the watershed.  The last 
objective assisted with the interpretation of the data for the Quesnel River 
5.1.1 Spatial and temporal variations of trace elements in the Quesnel River  
In order to assess the spatial and temporal variation in concentrations of sediment-
associated contaminants in the Quesnel River (and wider Quesnel watershed) following the 
breach of the Mount Polley Mine TSF in 2014 (i.e. research objectives 1, 2 and 4, section 
1.5) samples of suspended and channel bed sediment were collected from several sites along 
the Quesnel River between August 2014 and August 2015.  Generally, there was a decrease 
in trace element concentrations between the location of the TSF and Quesnel Lake 
downstream to Q1.  For example, average Cu concentrations in the tailings were 931 ppm, 
504 ppm for Hazeltine Bay deposits in Quesnel Lake and 240 ppm on the channel bed at the 
headwaters of the Quesnel River at site Q1.  Trace element concentrations in suspended and 
Chapter 5 Conclusions 92 
channel bed sediment of the Quesnel River were highest at Q1 closest to the breach, for 
example the average Cu concentration at Q1 was 239.9 ppm, while it was 46.8 ppm at Q2 
ppm and 42.1 ppm at Q3.  Additional sediment was added to the river from bank erosion and 
tributaries (i.e. Cariboo River).  However, a few trace elements (As, Hg, Mn, and Se) were 
higher at Q1 compared to the tailings and material deposited along Hazeltine Creek which 
may be a result of: (i) the lower specific surface area associated with the particles from the 
tailings (105 m2 kg-1) and Hazeltine Creek (383.7 m2 kg-1) compared to Q1 (550 m2 kg-1) 
which were preferentially transported due to the physical limnology of Quesnel Lake and 
which were likely to have been enriched in trace elements; (ii) an increase in the organic 
content of the sediment at Q1, which additionally increases the sediments’ ability to sorb 
contaminants; or (iii) indicates that these high values may be a function of the local 
conditions at or near Q1. 
Site Q1 closest to the breach exceeded sediment quality guidelines (SQGs) for As, Cu, 
Fe, Mn, P and Se.  The SQG set for the protection of aquatic health for Cu is 197 ppm 
(PEL), whereas the mine tailings had Cu values of 931 ppm, Hazeltine Creek deposit 
material exceeded 891 ppm Cu and peak concentrations of Cu in re-suspended bed sediment 
at Q1 exceeded 300 ppm for individual samples.  There was considerable contamination at 
Q1 based on contamination indices where CF values for Cu reached 6 and the PLI for Q1 
was greater than 2 for the sampling period. 
The temporal trends of trace elements, particularly Cu, were controlled by both the 
physical limnology of Quesnel Lake and stream discharge with As, Fe, Hg, Mn, P, Se and 
Zn having the highest concentrations in the period following the TSF breach event.  
Increases in trace element concentrations at Q1 were also linked to lake overturn and mixing 
in the fall and winter.  These trace element increases at the headwaters of the Quesnel River 
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over the winter season were correlated with a decrease in particle size and increase in 
inorganic material content of the sediment provided by the Quesnel Lake overturn, which 
delivered fine suspended sediment associated with the breach event, as described by 
Petticrew et al. (2015).  The increase of fine particles in the Quesnel River at site Q1 was 
also evidenced by the rapid increase of river turbidity in November which persisted into 
winter.  Following the fall lake overturn event (January 2015), trace elements concentrations 
generally decreased throughout the remaining study period (i.e. to the end of August 2015), 
although for some elements there was an increase in the spring due to a smaller lake overturn 
and in the late summer 2015 which may indicate upwelling/seiching in Quesnel Lake 
causing the ejection of colder and more sediment-rich hypolimnetic waters. 
5.1.2 Storage of sediment-associated contaminants in the channel system 
In order to address research objective 3 (Section 1.5) samples of the sediment 
deposited on the floodplains and channel bed of the Quesnel River were collected to assess 
the storage of sediment-associated contaminants in the channel system.  The 2015 freshet 
was lower than previous years and inundation of floodplains was minimal.  There were no 
notable increases in trace element concentrations on the floodplains at Q2 and Q3. 
In the case of channel bed sediment, despite the high trace element concentrations 
observed in the Quesnel River at Q1 there was no significant increase in trace element 
storage compared to downstream sites with the exception of Cu.  There was less fine 
sediment stored in the channel bed at Q1 compared to Q2 and Q3.  However, despite low 
sediment concentrations stored on the stream bed at Q1, Cu storage was equal to 
downstream values due to the significantly higher trace element concentrations at this site.  
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In summary, Cu was the dominating element throughout this study indicating high 
contamination from the mine breach which could have a negative impact on aquatic life such 
as algae, invertebrates and fish.  The high values of sediment-associated trace elements at Q1 
were not seen downstream (e.g. sites Q2 and Q3) and values decreased at Q1 over the period 
August 2014 to August 2015.  However, values have not reached background/reference 
levels (i.e. pre-breach) based on previous studies in this watershed (e.g. Karimlou 2011; 
Smith and Owens 2014a).  Indeed, for many elements concentrations increased again 
towards the end of the sampling period. 
5.2 Limitations of the study and future research 
 
 Inevitably there are some limitations of this study and areas where additional 
research is required.  For example, this study only considers concentrations of trace elements 
associated with suspended sediment and the fine sediment stored in the channel bed, in 
addition to estimates of the mass of trace elements in channel bed storage, and did not 
considered the mass flux of these trace elements transported as suspended material.  This 
study had a limited number of sample sites due to difficult access and therefore how and 
where the trace elements attenuated/diluted down the river channel is uncertain.  It would 
have been beneficial to have had more sampling sites near Q1 to determine if the higher 
concentrations were also observed elsewhere around the headwaters of the river both 
upstream (e.g. Likely) and immediately downstream of Q1. 
Additionally, the time-integrated samplers often did not collect an adequate mass of 
sediment at Q1 over the 14-day cycle during times of low flow and reduced sediment 
transport.  This reduction in sediment collection caused subsequent samples to be combined 
for analysis, representing 28 day cycles in some cases.  The continued sampling of the 
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Quesnel River at Q1 should include additional time-integrated samples in the hopes of 
collecting more mass for analysis over shorter deployment times.  In addition, sequential 
trace element extraction was added to the study after the first phase of field sampling, and as 
a result insufficient sediment mass was available for this analysis for the period of peak 
element concentrations.  Consequently, the sequential extraction for Q1 sediment was 
undertaken on a sediment sample collected during July 2015 with lower element 
concentrations.  
The present study only sampled the suspended and channel stored sediment over a 
12-month period and considered the <180 𝜇m fraction to link concentrations of trace 
elements to the TSF breach event.  Further research is required to extend the sampling to 
investigate medium- to longer-term impacts as well as determining which grain size 
fractions contribute the highest trace element concentrations.  Identifying concentrations 
associated with specific grain sizes will aid in determining the availability of elements to 
organisms that ingest particles based on grain size.  Additionally, sediment fingerprinting 
techniques (e.g. X-ray diffraction) could be utilized to definitively link the high trace 
element concentrations to the TSF breach and Hazeltine scour material.   
 Future research should examine the continued temporal trends to determine if 
Quesnel Lake will continue to act as a source of contaminants and if concentrations will be 
attenuated over time.  Both the seasonal concentrations of fine particles in the lake and river 
will need to be examined to evaluate the role of physical processes (i.e. timing and 
magnitude of the overturn and seiche events).  Future research will also be needed to 
determine if the high trace element concentrations at Q1 move downstream.  Further studies 
are also required to show how trace elements move into and through the food web (e.g. 
biofilms, invertebrates and fish), as well as the broader environmental impacts on aquatic 
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and terrestrial ecosystems, including human health, via ingestion of potentially contaminated 
food (e.g. salmon and trout). 
5.3 Concluding statement 
 
 This research examined the trace elements associated with sediment in the Quesnel 
River as a result of the Mount Polley Mine TSF breach on August 4, 2014.  It was found that 
high levels of trace elements, particularly Cu, were associated with the fine-grained 
sediment.  The Cu values peaked in the winter of 2014-2015 as a result of the Quesnel Lake 
mixing and overturn event in fall/winter 2014-2015, which transported suspended fine 
particles that had been stored in the lake’s hypolimnion, as a result of the TSF breach event.  
Values exceeded background/reference levels for the area and SQGs set by the federal and 
provincial government for the protection of aquatic life.  Impacts to the ecosystem based on 
trace element toxicity could include; bioaccumulation of trace elements in organisms, 
contamination within the food web, decreased abundance and biodiversity of benthic 
organisms, and altered food availability for larger vertebrates including fish, as well as non-
lethal effects associated with changes in behaviour due to impacts on chemosensory 
functions. 
The Mount Polley Mine TSF breach was unique compared to most past breach 
events in that the tailings and Hazeltine Creek scour material did not enter a major river but 
instead emptied into a large, deep lake.  Thus the release of contaminants is primarily 
controlled by lake processes, such as those regulated by lake mixing events (e.g. overturn 
and seiching) instead of river discharge levels.  There remains a large deposit of material 
from the breach event on the bed of Quesnel Lake and thus the physical limnology of the 
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lake will continue to regulate the downstream fluxes of trace elements as long as the material 
remains on the lake bed, which is likely to be decades or longer.  
This research evaluated some of the immediate and medium-term environment 
effects from the 2014 breach of the Mount Polley Mine TSF, and indicates where further 
research is needed to understand the medium- to long-term impacts of the breach. While the 
research is specific to the effects of the TSF breach on Quesnel watershed, it may also be 
useful for similar events elsewhere. 
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Appendix A  
 
Phosphorus extraction (modified Williams method; Ruban et al. 1999) 
 
NaOH-extractable P represents iron-bound P that is bioavailable 
HCl-extractable P represents Ca-bound P that is not available 
Concentrated HCl-extractable P represents total P 
 
a. NaOH-extractable P and HCl-extractable P 
 Weigh 200 mg of dry sediment into centrifuge tube 
 Add 20 mL of 1 mol L-1 NaOH 
 Cover and stir overnight (16 h) 
 Centrifuge at 2000 g for 15 min. (rpm calculated based on radius of rotor) 
 Collect extract set aside solid for step 9 
a. Set apart 10 mL of extract in test tube 
 Add 4 mL of 3.5 mol L-1 HCl 
 Stir for 20 s and allow to stand overnight (16 h) covered. 
 Centrifuge brown precipitate at 200 g for 15 min 
b. Measure NaOH-P using supernatant 
 Wash cake from step 5 with 12 mL of 1 mol L-1 NaCl.  Stir for 5 min 
 Centrifuge at 2000 g for 15 min and discard supernatant 
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c. Repeat wash 2x 
 Add 20 mL of 1 mol L-1 HCl 
 Cover and stir 16h 
 Centrifuge at 2000 g for 15 min 
d. Measure HCl-P on extract 
 
b.  Concentrated HCl-extractable P 
 
 weigh 200 mg of dry sediment into porcelain crucible 
 heat at 450 °C for 3h 
 pour cooled ash into centrifuge tube 
 add 20 mL of 3.5 mol L-1 HCl  
 stir for 16h 
 centrifuge at 2000 g for 15 min 
 collect extract for P analysis 
c. IP and OP 
IP 
 weigh 200 mg of dry sediment in centrifuge tube 
 add 20 mL of 1 mol L-1 HCl 
 stir 16 h 
 centrifuge at 2000 g for 15 min 
 use extract for IP 
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OP 
 Add 12 mL of demineralized water to the residue of above solid. Stir for 5 min 
 Centrifuge at 2000 g for 15 min and discard supernatant 
a. Repeat 
 Allow residue to dry in tubes at 80 °C. put in ultrasonic bath for 10 s and transfer to crucible 
 Heat at 450 °C for 3 h 
 Pour cooled ash into centrifuge tube 
 Add 20 mL of  1 mol L-1 HCl  
 Stir 16h 
 Centrifuge at 2000 g for 15 min 
 Collect extract for OP analysis 
 
The concentration C, in mg/g of P (dry mass) is given by: 
𝐶 =
𝑆𝑉
1000 𝑚
 
 
Where S=P concentration in the extract (IP, OP, AP) in mg/L of P, V= volume of reagent used for extraction (20 mL) and 
m= mass of the test sample (200 mg dry mass) 
For NAIP, 
𝐶 =
𝑆 × 14 × 𝑉
1000 × 10 × 𝑚
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Ascorbic Acid method  
Using spectrophotometer at 880 nm with a light path of 0.5 cm or longer 
Reagents 
a. sulphuric acid 5N; Dilute 70 mL conc. Acid to 500 mL with distilled water 
b. Potassium antimonyl tartrate solution; dissolve 1.31715 g in 500 mL water 
c. Ammonium molybdate solution; dissolve 20 g in 500 mL  
d. Ascorbic acid, 0.1M; dissolve 1.76 g in 100 mL. stable for 1 week at 4 °C 
e. Combined reagent 100 mL; mix 50 mL potassium antimonyl tartrate solution, 15 mL ammonium molybdate solution and 
30 mL ascorbic acid solution. Let all reagents reach room temperature before mixing. If turbidity forms shake and let stand 
for a few minutes until clear. Stable for 4h 
Procedure 
Pipet 50 mL of sample into clean dry flask 
Add 0.05 mL phenolphthalein indicator 
If red colour develops, add 5N sulphuric acid dropwise until clear 
Add 8.0 mL combined reagent and mix thoroughly 
After at least 10 min but no more than 30 min, measure absorbance at 880 nm, use reagent blank as reference solution.  
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Appendix B  
Trace element concentrations 
 
Figure B.1: Total element concentrations for re-suspended fine-grained channel bed sediment (Al, Ca, K, Mg, Na, S and Ti 
in %) 
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Figure B.2: Total element concentrations for re-suspended fine-grained channel bed sediment (Al, Ca, K, Mg, Na, S and Ti 
in %) continued 
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Additional material 
 
Table B.1: Matrix of independent contrasts used in analyses of sites and season for trace elements (PE:Post-Event; F:Fall; 
W:Winter; SP:Spring; SU:Summer) 
 Q1: E Q1:F Q1:W Q1:SP Q1:SU Q3:E Q3:F Q3:W Q3:SP Q3:SU 
Q1vs Q2 1/5 1/5 1/5 1/5 1/5 -1/5 -1/5 -1/5 -1/5 -1/5 
Q1:PE vs F 1 -1 0 0 0 0 0 0 0 0 
Q1:PE +F vs W -1/2 -1/2 1 0 0 0 0 0 0 0 
Q1: PE+F+W vs SP -1/3 -1/3 -1/3 1 0 0 0 0 0 0 
Q1: PE+F+W+SP vs SU -1/4 -1/4 -1/4 -1/4 1 0 0 0 0 0 
Q3:PE vs F 0 0 0 0 0 1 -1 0 0 0 
Q3:PE +F vs W 0 0 0 0 0 -1/2 -1/2 1 0 0 
Q3: PE+F+W vs SP 0 0 0 0 0 -1/3 -1/3 -1/3 1 0 
Q3: PE+F+W+SP vs SU 0 0 0 0 0 -1/4 -1/4 -1/4 -1/4 1 
 
Table B.2: Detection limits for Tessier sequential extraction 
Metal Detection limit (ppm) Recorded value if below detection 
(ppm) 
 
Arsenic (As) 0.050 0.025  
Copper (Cu) 0.50 0.25  
Iron (Fe) 50 25  
Phosphorus (P) 50 25  
Manganese (Mn) 1.0 0.5  
Selenium (Se) 0.20 0.10  
Vanadium (V) 0.20 0.10  
Zinc (Zn) 1.0 0.5  
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Figure B.3: Pearson correlation between trace elements, specific surface area (SSA), inorganic content (inorg) and organic 
content (org) for Q1 channel bed sediment. Bigger font size indicates larger correlations *significance at p<0.05, ** 
significance at p<0.01, significance at p<0.001
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Appendix C  
 
Contamination indices sample calculations for As 
Contamination Factor (CF):  
   𝐶𝐹(𝑒𝑣𝑒𝑛𝑡) = Cn /Cb 
49.13
18.4
= 2.67 
  
Geo-accumulation index (Igeo): 
  𝐼𝑔𝑒𝑜 (𝑒𝑣𝑒𝑛𝑡) = 𝑙𝑜𝑔2 (
(𝐶𝑛)
1.5(𝐵𝑛)
) = 𝑙𝑜𝑔2 (
(49.13)
1.5(18.4)
) = 0.76 
  
Enrichment Factor Al: 
   𝐸𝐹 =
𝐶𝑀×𝑅𝐵 
𝑅𝑀 ×𝐶𝐵
=
32.7×11500
21100×18.4
 = 0.97 
Pollution Load Index:  
PLI (event) = (CF1×CF2×CF3×…×CF5)1/n = 
(3.4×4.4×2.7×1.8×1.7)1/5= 2.62 
